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In this dissertation, dendrimer-encapsulated 
nanoparticles (DENs) are employed as model electrocatalysts. 
DENs are well-defined nanoparticles in the 1-2 nm size range. 
Nanoparticles consisting of 55-225 atoms are large enough to 
be synthesized and adequately characterized, but small enough 
to be modeled theoretically by density functional theory 
(DFT). In this size range, large deviations from bulk 
structural characteristics are observed. Characterization and  
electrocatalytic testing is performed for comparison to 
theoretical calculations. In this way we are able to better 
understand nanoparticle structure, as well as validate 
theoretical models.  
 A solution based synthesis is used to produce Pd@Pt 
core@shell DENs, which has been theoretically predicted to 
have improved activity for the oxygen reduction reaction 
(ORR). However, through in situ extended X-ray absorption 
 vii 
fine structure (EXAFS) spectroscopy characterization it is 
determined that structural inversion occurs in which the more 
noble Pt partitions to the core and the shell becomes enriched 
in Pd. Larger Pd@Pt nanoparticles (>3 nm) are known to retain 
their core@shell structure, but 1-2 nm nanoparticles tend to 
be structurally unstable. Therefore we infer that the 
observations reported here are driven by the energetics of 
the small number of atoms present in particles having sizes 
of <2 nm.  
A synthetic strategy for improved fully reduced Pt DENs 
is also outlined. DENs produced by galvanic exchange of Pt2+ 
salt for Cu DENs overcome the previous limitation of partial 
Pt reduction when a chemical reducing agent is used. Pt DENs 
by galvanic exchange are fully reduced and are an improved 
model electrocatalyst. These galvanic exchange Pt DENs are 
then studied by in situ electrochemical infrared spectroscopy 
to probe the stretching frequency of adsorbed CO. These 
studies show a redshift in the frequency of adsorbed CO, in 
relation to a Pt(111) single crystal surface, revealing 
stronger binding of CO to the Pt DENs surface. This shift is 
confirmed by theoretical calculations. This system is a good 
future platform to test predictions of the CO binding energy 
trends on DENs, and to test its use as a descriptor for more 
complex electrocatalytic reactions.  
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Chapter 1: Introduction* 
THE ROLE OF MODEL ELECTROCATALYSTS 
An emerging strategy for discovering the next generation 
of catalysts involves utilizing high-level computational 
methods to predict and screen structure/function 
relationships. This is due in large part to rapidly advancing 
computational speed and accessibility. However, a key element 
in the computational paradigm is the need for well-defined 
experimental models against which theoretical approaches can 
be validated. The aim is to connect theoretical and 
experimental methods into an integrated research program. If 
this connection can be made sufficiently robust and efficient, 
then we envision that catalyst discovery and optimization 
will be accelerated significantly. 
Experimental control of catalyst structure is a 
prerequisite for effective comparison of theory and 
experiment. The simplest model system is a perfect, infinite 
single crystal, and materials approaching this ideal have 
been profitably studied for many years.1-6 Usually, however, 
                     
* Anderson, R. M.; Yancey, D. F.; Zhang, L.; Chill, S. T.; 
Henkelman, G.; Crooks, R. M. Acc. Chem. Res. 2015, 48, 
1351-1357. 
All authors aided in the compilation and writing of this 
review article.   
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nanoparticle models are more closely related to real catalytic 
systems, and hence there has been much emphasis in recent 
years on developing a better understanding of their 
properties. One approach to this problem has been to focus on 
nanoparticles having facets that are sufficiently large that 
their catalytic properties approximate bulk, single-crystal 
surfaces.7 Indeed, this is the basis for the extensive 
interest in shape-controlled nanoparticles, where the facets 
generally dominate catalytic behavior.8  
As the size of a nanoparticle decreases, however, edge 
and corner atoms begin to contribute to its catalytic 
properties and deviations from bulk behavior are observed. 
This type of behavior is apparent for metal particles having 
size of <3 nm, but the most interesting size range is from 
~1-2 nm. There are two reasons for this. First, very slight 
changes to the structure or composition of particles in this 
size range, or the addition or deletion of a few atoms, can 
have a dramatic effect on catalysis. Second, particles that 
contain 30-300 atoms are large enough to effectively 
characterize but small enough to be analyzed in their entirety 
using first-principles theory. Of course, there are also 
problems. For example, such small particles are often unstable 
and even if they are stable, their native structure may be 
altered during catalytic reactions. This means that 
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experimental characterization is difficult and best carried 
out in situ. Additionally, direct comparison of theory and 
experiment implies that all nanoparticles in an ensemble are 
uniform, and this ideal situation can only be approximated, 
to a greater or lesser extent, at the present time.  
One established approach for predicting catalyst 
activity is through the use of a single thermodynamic 
descriptor, which acts as a proxy for reaction rate. For 
example, in the case of the oxygen reduction reaction (ORR) 
a complex multistep reaction can be represented by the binding 
energy of atomic oxygen on a metal surface.9 Within this 
formalism, there is an ideal binding energy that balances the 
energy of dissociative adsorption of molecular oxygen and 
desorption of products. The best candidates are found to have 
an intermediate oxygen binding energy which results in a 
“volcano”-shaped trend of activity versus binding energy,10 




Trends in oxygen reduction activity plotted as a function of 
the oxygen binding energy. J. Phys. Chem. B 2004, 108, 
17886-17892. Copyright 2004 American Chemical Society.  
This same general strategy has been employed for 
reactions such as water oxidation11,12 (OH binding energy), 
methanol oxidation13 (CO and OH binding energies), and 
hydrogen evolution14 (H binding energy). On a bulk surface 
this treatment is relatively simple because of the uniformity 
of the surface structure, but the same approach can be applied 
to nanoparticles on which a greater variety of binding sites 
are present. Of the many unique sites on nanoparticles, the 
most catalytically active can be determined by calculating 
and comparing the binding energies of the model reaction 
intermediate or product on each distinctive surface location. 
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As alluded to earlier, a principal difficulty inherent 
to correlating experimental catalytic measurements to theory 
is the polydisperse nature of nanoparticles. There are only 
three possible solutions to this problem: (1) develop 
synthetic methods that result in uniform distributions of 
particle size, composition, and structure; (2) develop theory 
and calculations that are able to take into account 
polydispersity; (3) develop methods for carrying out 
catalytic measurements on just one, or perhaps a few, well-
defined nanoparticles. There are significant problems 
associated with all of these approaches, but some progress 
has been made. For example, mass-selected particle syntheses 
result in very good mass uniformity.15 Likewise, a few studies 
have been reported involving catalytic measurements on single 
particles, but the particles are typically rather large and 
it has not been possible to correlate catalytic rates with 
nanoparticle structure.16,17 In addition to the problem of 
polydispersity, there is another difficulty associated with 
understanding the catalytic properties of 1-2 nm particles: 
some kind of capping ligand is required to control growth and 
minimize agglomeration. Such ligands affect nanoparticle 
electronic properties, reactant access to surface atoms, and 
in many cases composition and structure as well. 
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In this work, dendrimer-encapsulated nanoparticles 
(DENs)18-22 are applied as the model electrocatalysts. DENs are 
nearly monodisperse nanoparticles with tunable sizes (from 
just a few atoms23,24 to ~300 atoms) and compositions.20-22 DENs 
in the size range of ~0.8 nm to ~2.2 nm are large enough to 
be characterized experimentally and tested for their 
catalytic properties, but also small enough to be modeled by 
ab-initio density functional theory (DFT) calculations. The 
results of nanoparticle characterization and catalytic 
testing can then be incorporated into the development of more 
accurate models for the theoretical prediction of 
nanoparticle structure and activity. This iterative process, 
summarized by Illustration 1.1, leads to refinement of the 
theory and the prediction of better nanoparticle 
electrocatalyst candidates. This in turn leads to the next 
generation of more active electrocatalysts that can be used 




The process for rational catalyst design. 
 
DENDRIMER-ENCAPSULATED NANOPARTICLES  
DENs begin to provide a solution to some of the problems 
mentioned in the previous section. Poly(amidoamine) (PAMAM) 
dendrimers are branched polymers, which at higher generations 
form globular structures. The structure of a generation 1 
PAMAM dendrimer is shown in Figure 1.2. In this dissertation 
generation 6 dendrimers are used, which contain 256 tertiary 
amine groups, 254 terminal groups, have a molecular weight of 
~58 kDa, and an estimated diameter of 6.7 nm.20  At each 
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branching point, a tertiary amine group is present. These 
tertiary amine groups are capable of complexing certain metal 
ions and therefore sequestering them in the interior of the 
dendrimer. The terminal groups of the dendrimer give them 
their solubility. In the work presented here, the terminal 




Structure of a generation 1 PAMAM dendrimer. J. Phys. Chem. 
B 2005, 109, 692-704. Copyright 2005 American Chemical 
Society.   
As shown in Illustration 1.2, DENs are synthesized using 
a two-step templating method. First, metal ions are complexed 
to the interior of the PAMAM dendrimers. Second, a reducing 
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agent is added which results in formation of a zerovalent 
metal nanoparticle that is sterically trapped within the 
dendrimer interior. This method leads to nanoparticles having 
an average size controlled by the metal-ion-to-dendrimer 
ratio present in the precursor solution.  
 
Illustration 1.2  
Synthetic Scheme of DENs.  
 
A representative aberration-corrected scanning 
transmission electron microscopy (ac-STEM) image of a Pt147 
DEN prepared within a sixth-generation, hydroxyl-terminated 
PAMAM dendrimer (G6-OH) is shown in Figure 1.3, along with a 
typical size-distribution histogram. In addition to its 
templating function, a second important aspect of the 
dendrimer is that it provides a scaffold for immobilization 
of DENs on surfaces, such as electrodes,25 and also prevents 
direct contact between the surface and the encapsulated 
nanoparticles. The latter point is important when comparing 
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experimental and theoretical findings, because support 
interactions introduce an additional level of complexity.  
 
Figure 1.3 
Representative ac-STEM image of a Pt147 DEN and corresponding 
size-distribution histogram.  
 
ANALYTICAL METHODS  
While the small size of DENs is an advantage for applying 
ab-initio DFT calculations, it introduces the challenge of 
precisely characterizing nanoparticle structure. Common 
nanoparticle characterization techniques, such as X-ray 
diffraction (XRD), are more difficult to use and interpret 
than for nanoparticles just 1 nm larger. For example, XRD 
analysis requires a synchrotron source and analysis by pair 
distribution function (PDF).26,27 Normal high-resolution 
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transmission electron microscopy (TEM) is helpful, but ac-
STEM yields far better resolution which is important for 1-2 
nm particles.  
More routine analytical methods also provide important 
information about DENs. For example, UV-vis spectroscopy is 
a good probe of specific interactions between metal ions and 
functional groups within the dendrimer (i.e., the DEN 
precursor), and it also provides some useful information about 
the DENs themselves. The interaction between the interior 
tertiary amine groups and the metal ion is seen as a ligand-
to-metal charge transfer (LMCT) band. In Figure 1.4 this LMCT 
is observed in the Cu2+-dendrimer complex at ~300 nm. Once a 
reducing agent is added (BH4
-), the LMCT disappears, 
indicating the formation of zerovalent Cu nanoparticles. This 
is seen as broadband absorbance increasing towards lower 
wavelengths. This interaction is sensitive to the oxidation 
state of the metal ion and the pH of the solution, making 
this a useful characterization method for DENs. 
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UV-vis spectra of (Cu2+)55 interacting with the dendrimer 
(G6-OH) and the resulting LMCT (black) and the same sample 
after reduction with BH4
- resulting in the formation of a 
nanoparticle (Cu55)(purple). Spectra obtained with a 1.0 cm 
cuvette and a water blank. The concentration of the G6-OH 
dendrimer was 2.0 µM.  
 
Electrochemistry also yields information about the 
identity of metals on the surface of DENs; for example, the 
presence of hydride waves can be correlated to Pt atoms.28 
More importantly, however, electrochemical measurements make 
it possible to directly measure electrocatalytic onset 
potentials and rates for comparison to theory.29 While these 
routine techniques contribute to our understanding of DEN 
structure, an atomic-level understanding is best achieved 
using extended X-ray absorption fine structure (EXAFS) 
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spectroscopy, which provides information about the local 
structure of nanoparticles.30,31 EXAFS is, however, an 
averaging technique, so a high degree of monodispersity in 
size and composition is a prerequisite for deriving meaningful 
conclusions.32 DENs meet these criteria, but as with XRD-PDF, 
synchrotron radiation and data fitting are necessary for 
obtaining meaningful results. 
X-RAY ABSORBANCE SPECTROSCOPY  
In an X-ray absorption spectroscopy (XAS) experiment, 
the X-ray absorption coefficient, µ(E), is measured as a 
function of X-ray energy (E) which is scanned through the use 
of a monochromator. When the energy corresponds to the energy 
of a core electron being promoted to the continuum, an 
increase in µ(E) is observed. This is referred to as an 
adsorption edge. For example, a K edge corresponds to the 
promotion of a 1s electron. As the binding energies of these 
core electrons are characteristic to each element, this 
technique is element specific. We are interested in measuring 
the changes in µ(E) near the absorption edge, as the 
surrounding atoms in its coordination sphere interact with 
the outgoing photoelectron and backscatter, which gives us 
information about the coordination environment of that atom.33 
EXAFS is an essential analytical technique for evaluating 
nanoparticles in the 1-2 nm size range. It is an element 
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specific analysis of atomic ordering. Importantly, EXAFS does 
not rely on the system having long-range order, as each atom 
and its corresponding coordination sphere is probed. In this 
work, two related X-ray absorption spectroscopy techniques 
are used: EXAFS spectroscopy and X-ray absorption near edge 
structure (XANES) spectroscopy. The difference in the regions 
is illustrated in Figure 1.5.  
 
Figure 1.5 
X-ray absorption spectrum of a Cu foil. The XANES and EXAFS 
regions of interests are distinguished.  
XANES spectroscopy possesses many of the same attributes 
as EXAFS, but is also a sensitive probe of oxidation state 
and can be used as a finger-printing region for comparison to 
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standards. The height of the white line peak at the absorption 
edge is dependent on the oxidation state of the material, 
which makes for good visual identification of changes in 
oxidation state. This is illustrated in Figure 1.6 where a 
CuSO4 and a Cu foil are compared. Fitting of XANES data is 
outside the scope of this dissertation, but linear combination 
analysis (LCA) is utilized as a means of obtaining 
quantitative data. As the name suggests, LCA is a linear 
combination of two or more endmembers (standards) to fit the 
sample of interest. The percentage of each of these endmembers 
is then determined. The feasibility of this method relies on 
the use of appropriate standards. This is difficult when using 
nanoparticles in the 1-2 nm size range, as there are 
significant deviations from the bulk materials in the XANES 
region. In this dissertation, DENs samples are used as the 
endmembers for LCA fitting to ensure that the samples are 
well described by the standards, and all other comparisons 




XANES spectra of a CuSO4 (black) and a zerovalent Cu foil 
(red) demonstrating the difference in white line intensity 
and near-edge features.  
 
SUBTRACTIVELY NORMALIZED INTERFACIAL FOURIER TRANSFORM INFRARED 
SPECTROSCOPY  
Fourier transform infrared (FTIR) spectroscopy is a 
useful technique for studying the surface structure of 
heterogeneous catalysts.34 Adsorbed CO (COads) is often used as 
a structural probe. It binds strongly to Pt surfaces and the 
C-O stretching mode is IR active. Its stretching frequency, 
as measured by IR spectroscopy, can be correlated to the 
binding energy of COads. The stretching frequency is well known 
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to vary with the surface geometry (i.e. Pt(111) versus Pt(100) 
single crystals).35 Subtractively Normalized Interfacial 
Fourier Transform Infrared Spectroscopy (SNIFTIRS) is a 
strategy that allows for infrared (IR) measurements to be 
obtained in electrochemical systems.36 This is an effective 
technique for probing an adsorbate, in this case CO. Using 
electrochemical potential control, the potential can be 
modulated during IR data collection. Typically this is done 
with a potential at which CO is adsorbed to the surface, and 
then a potential sufficiently positive at which CO has been 
desorbed. To minimize the water layer, the configuration 
depicted in Illustration 1.3 is used. At the base of the in 
situ cell is a ZnSe total internal reflection (TIR) crystal. 
The incoming IR beam undergoes TIR at the interface and the 
evanescent wave produced samples the thin catalyst layer. The 
signal that arises from the interfacial region of water 
between the TIR crystal and the electrode can be subtracted 
in this way, and the signal due to the adsorbate of interest 





Schematic of the electrochemical cell used for SNIFTIRS 
measurements, where CE is the counter electrode, RE is the 
reference electrode. Θc is the critical angle for total 
internal reflection to occur.  
 
DISSERTATION OVERVIEW 
In this dissertation the various analytical methods 
described above will be applied to thoroughly characterize 
DENs of various structures. This is carried out with the goal 
of comparison to theory in order to validate the theoretical 
models, as well as learn more about the structure of these 
model electrocatalysts. This process begins with the study of 
the inversion of Pd@Pt core@shell DENs. By EXAFS it was 
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determined that the Pd@Pt structure is unstable at this size 
range and that the more noble Pt partitions into the core. 
This is confirmed by DFT studies of this system. Next, an 
improved synthesis strategy for Pt DENs is outlined making 
use of galvanic exchange to achieve complete reduction of the 
Pt catalyst. These fully reduced Pt DENs are then studied by 
FTIR to probe the binding of CO to the surface to gain insight 
into the binding configuration and sites available, as CO 
binding is an important descriptor for activity predictions. 
These studies help to join theory and experiment, with the 




Chapter 2: An Experimental and Theoretical 
Investigation of the Inversion of Pd@Pt Core@Shell 
Dendrimer-Encapsulated Nanoparticles† 
INTRODUCTION 
Here we report the homogeneous synthesis of core@shell 
Pd147@Pt162 dendrimer-encapsulated nanoparticles (DENs) and the 
subsequent spontaneous reconfiguration of these structures to 
yield an inverted Pt147@Pd147Pt15 form (the subscripts represent 
nominal numbers of atoms in the core and shell, Illustration 
2.1). Because these DENs undergo structural rearrangements, 
we will use the notation "PdPt", which does not imply a 
particular structure, for the as-synthesized DENs, and 
reserve the more specific core@shell notation "Pd@Pt" for 
cases where this structure has been confirmed. 
                     
† Anderson, R. M.; Zhang, L.; Loussaert, J. A.; Frenkel, A. 
I.; Henkelman, G.; Crooks, R. M. ACS Nano 2013, 7, 9345-
9353. 
L. Zhang performed the simulations under the supervision of 
G. Henkelman. J. A. Loussaert helped with data collection. 
A. I. Frenkel helped with data interpretation. R. M. Crooks 




Synthetic scheme showing the synthesis of Pd147@Pt162 and the 
subsequent inversion to form Pt147@Pd147Pt15.  
 
We have recently discovered that atomic remodeling of 
the sort reported here may be relatively commonplace in 1-2 
nm nanoparticles,37,38 whereas structurally similar larger 
nanoparticles retain stable configurations.39-41 In addition to 
the inversion process, which is confirmed experimentally by 
in situ extended X-ray absorption fine structure (EXAFS) 
spectroscopy, there are two additional key findings arising 
from this study. First, the inversion process is also 
predicted to occur by density functional theory (DFT) 
calculations. Second, the synthetic approach for preparing 
these PdPt DENs in homogenous solution has not previously 
been reported, and it opens the door to preparation of 
significant quantities of 1-2 nm bimetallic DENs having well-
defined structures.  
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It has been reported that Pd@Pt nanoparticles exhibit 
enhanced electrocatalytic activity for the oxygen reduction 
reaction (ORR) compared to monometallic Pt catalysts.40,42,43 
Techniques such as high-resolution scanning transmission 
electron microscopy (HR-STEM),41 Fourier-transform infrared 
spectroscopy (FT-IR),44,45 and EXAFS39,46 have been used to 
investigate the structure and structural stability of Pd@Pt 
nanoparticles within the size range of 2.0 to 5.0 nm. For 
example, Chen and coworkers prepared 4.5 nm Pd@Pt 
nanoparticles using a surface-limited-growth procedure. This 
is a three-step synthesis in which: (1) Pd nanoparticles are 
exposed to hydrogen, thereby forming a PdH shell, (2) Cu2+ is 
reduced onto the Pd surface via cross reaction with the 
hydride, and (3) the Pd147@Cu162 nanoparticles are exposed to 
Pt2+, which leads to galvanic exchange and formation of the 
final ~4.5 nm product having a Pd core and an ultrathin Pt 
shell.39 We used a synthetic strategy similar to this in the 
present study to prepare ~2 nm Pd147Pt162 DENs. 
In a study closely related to ours, Russell and coworkers 
reported the synthesis and structural properties of PdPt 
nanoparticles.47 In this case, they started with a commercial 
carbon-supported Pd catalyst and used a controlled surface 
reaction (CSR) route to add a Pt shell. Depending on the Pt:Pd 
ratio, the size of the particles ranged from 2.0 to 3.4 nm. 
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On the basis of EXAFS and electrochemical analyses, these 
materials were reported to have a mixed (Pd and Pt) surface 
composition with Pt preferentially located sub-surface. This 
rearrangement was explained in terms of previously calculated 
segregation energies.48 Other calculations on bimetallic PdPt 
clusters in this size range also indicate that the most stable 
configurations have a Pt-rich core.49-52  
Monometallic DENs are generally prepared by a two-step 
process.21,22 First, a solution containing a particular metal-
ion:dendrimer ratio is prepared. This results in the metal 
ions partitioning into the dendrimer interior. Second, a 
chemical reducing agent, such as BH4
-, is added to this 
solution. This leads to formation of a zerovalent metal 
nanoparticle sterically trapped within the dendrimer. The 
size of the DEN is strongly correlated to the original metal-
ion:dendrimer ratio in the solution prepared in the first 
step.53 Importantly, the host dendrimer does not interact 
strongly with the surface of the encapsulated nanoparticle,25 
which means DENs are catalytically active. 
Our present interest is focused on synthesizing 
bimetallic alloy54,55 and core@shell28,56 DENs, and then 
comparing their catalytic properties to DFT 
calculations.38,57,58 There are two critical conditions for such 
comparisons to be viable. First, the particles must be small 
 24 
enough to enable direct correlation to computations. Second, 
the structure of the particles must be very well defined. 
Both of these conditions are frequently achieved with DENs. 
However, we have observed some unusual cases that give rise 
to atypical structures. A case in point is the PdAu DEN 
system.37 When a Pd2+/Au3+ DEN precursor is co-reduced, stable 
bimetallic alloy DENs form. If Au3+ is loaded into the 
dendrimer and reduced, and then Pd2+ is subsequently added and 
reduced, stable Au@Pd DENs result. However, if the order of 
reduction is reversed, a Pd@Au DEN structure is anticipated, 
but the experimental finding is that the inverted Au@Pd 
structure results.  
These prior observations for PdAu DENs are consistent 
with the results reported here for the PdPt system. 
Specifically, nominal Pd147Pt162 DENs (2.0 ± 0.2 nm) prepared 
by the previously discussed synthesis procedure (PdH 
formation, followed by galvanic exchange first for Cu and 
then for Pt) were examined by electron microscopy, UV-vis 
spectroscopy, X-ray photoelectron spectroscopy (XPS), in situ 
EXAFS, and X-ray absorption near edge structure (XANES) 
spectroscopy, and the results of all these analytical methods 
are consistent with structural inversion in which the more 
noble Pt partitions to the core and the shell becomes enriched 
in Pd. Moreover, we are now able to rationalize the structural 
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inversion using first-principles calculations. Specifically, 
we present comparative thermodynamic stability calculations 
of different structures and segregation energies derived from 
swapping core and shell atoms. These calculations make it 
possible to propose a mechanistic route for the inversion 
process involving the high-energy corner and edge sites that 
are numerous only on very small nanoparticles. As noted 
earlier, larger Pd@Pt nanoparticles have stable structures, 
presumable due to their much small relative number of corner 




Sixth-generation, hydroxyl-terminated poly(amidoamine) 
(PAMAM) dendrimers (G6-OH) in methanol were purchased from 
Dendritech, Inc. (Midland, MI). The methanol was removed under 
vacuum and the dendrimers reconstituted in water at a 
concentration of 250.0 µM. The following chemicals were used 
as received: K2PtCl4 and K2PdCl4 were purchased from Acros 
Organics; CuSO4 and NaOH from Fisher Scientific; and NaBH4 from 
Sigma-Aldrich. For electrochemical experiments, high-purity 
HClO4 was purchased from J.T. Baker and high-purity (99.999%) 
O2 and Ar gases were purchased from Praxair. All solutions 
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were made using deionized water having a resistivity of 18.2 
MΩ•cm (Milli-Q gradient system, Millipore). 
 
DEN Synthesis  
Pd DENs were synthesized as previously reported.59 
Briefly, a 2.0 µM solution of G6-OH PAMAM dendrimer was 
prepared from a 250.0 µM stock solution. To this, 147 
equivalents of K2PdCl4 were added from a freshly prepared 
0.010 M stock solution, and this solution was stirred for 30 
min. Next, a 10-fold excess of NaBH4 was added from a 1.0 M 
stock solution, and the resulting solution was allowed to 
stir for 15 min. We refer to these materials as Pd147 DENs, 
where 147 is the metal-ion:dendrimer ratio and also reflects 
the approximate number of Pd atoms in each DEN. The Pd147 
solution was then purged with H2 for 30 min, and while still 
purging excess unreacted NaBH4 was removed by adding aliquots 
of a 10% HClO4 solution until the pH of the solution reached 
~3.0. Next, aliquots of 0.30 M NaOH were added to raise the 
pH to ~7.5, and then 162 equivalents of CuSO4 were added with 
continuous purging of the solution with H2. After 15 min, the 
purge gas was changed to N2 and the solution was purged for 
an additional 30 min. Finally, 162 equivalents of K2PtCl4 were 
added from a freshly prepared 0.10 M stock solution. The 
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resulting DENs were kept under N2 until analysis to ensure 
their stability.  
 
Characterization  
UV-vis spectra were acquired using a Hewlett-Packard 
HP8453 spectrometer. Transmission electron microscopy (TEM) 
images were obtained using a JEOL-2010F TEM operating at 200 
kV. Samples for TEM analysis were prepared by drying 3 µL of 
a Pd147Pt162 catalyst ink (a mixture of DENs and Vulcan carbon, 
described later) on a lacey carbon grid. TEM samples of DENs 
obtained after electrochemical analysis were prepared by 
wiping the electrode surface with the TEM grid so that a 
portion of the dried ink was transferred to the grid. The 
particles were sized using Gatan Digital Micrograph software. 
XPS analysis was carried out using a Kratos Axis Ultra 
spectrometer equipped with a monochromatic Al Kα radiation 
source. The XPS samples were dried on a glassy carbon (GC) 
chip, and peak positions were normalized to the C1s peak 
position at a binding energy of 284.5 eV. STEM images and 
energy-dispersive X-ray spectroscopy (EDS) spectra were 
acquired on a JEOL JEM-ARM200F aberration-corrected 
microscope operated at 200 kV.    
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Electrochemistry  
Cyclic voltammograms (CVs) were obtained in a 0.10 M 
HClO4 electrolyte solution using a Au counter electrode and a 
Hg/Hg2SO4 reference electrode (CH Instruments, Austin, Texas), 
which was calibrated daily against an eDAQ Hydroflex hydrogen 
reference electrode. All potentials were converted to, and 
reported relative to, the reversible hydrogen electrode (RHE) 
scale. For electrochemical measurements, a CHI 1202B 
potentiostat (CH Instruments) was used. Rotating disk 
voltammetry (RDV) employed a Pine Instruments AFASR rotator 
and E7R9 series GC disk working electrode having a geometric 
area of 0.248 cm2.  
For electrocatalytic measurements, the electrode surface 
was modified with a DEN-containing ink prepared by mixing 1.0 
mg Vulcan carbon EC-72R per 1.0 mL of a solution containing 
80% 2.0 µM DENs, 20% isopropyl alcohol, and 0.05% Nafion. 
After sonicating this mixture for several minutes, 10 µL of 
the ink was allowed to dry on the GC disk electrode. For CVs 
the electrolyte solution was purged with high-purity Ar, and 




X-ray absorption spectroscopy (XAS)  
XAS data were collected at beamline X18B at the National 
Synchrotron Light Source (NSLS) at Brookhaven National 
Laboratory. Reference foils were collected in transmission 
mode and the data fit to yield the amplitude factors (S0
2) 
that contribute to theoretical EXAFS signals for each absorber 
(Pt or Pd). An S0
2 value of 0.89 for the Pd K edge and 0.87 
for the Pt L3 edge were used for analysis. Pd147 DENs were 
prepared at a concentration of 50.0 µM and purged with 5% H2 
in He. After the analysis of the Pd147@Cu162 intermediate, the 
purging gas was changed to pure He to ensure stability of the 
DENs. For in situ experiments the data were collected in 
fluorescence mode using a passivated implanted planar silicon 
(PIPS) detector. The data were analyzed using the IFFEFIT and 
Horae software packages.60-62 For analysis of monometallic Pd147 
DENs and the Pd147@Cu162 intermediates under H2, the Pd K edge 
was fit with FEFF6 theory63 in R-space using a k-weight of 2 
for the Fourier transforms. For the final structure, 
simultaneous first-shell fitting of both Pd and Pt edges was 
done using a k-weight of 2 and by constraining the bond 
lengths (r) and Debye-Waller factors (σ2) for the Pd-Pt and 
Pt-Pd scattering paths to be equivalent as measured from 
either edge.64  
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Density Functional Theory   
DFT was used to calculate segregation energies of 
Pd147@Cu162 and Pd147@Pt162. All calculations were performed using 
the VASP code,65,66 where electron correlation was evaluated 
within the generalized gradient approximation using the 
Perdew-Wang91 functional.67 Core electrons were described with 
the projector augmented-wave method.68,69 Kohn–Sham wave 
functions for the valence electrons were expanded in a plane 
wave basis set with an energy cutoff of 280 eV. The energy 
cutoff was increased to 400 eV, and the segregation energy of 
Pd147@Pt162 was found to vary by less than 0.01 eV. Spin 
polarization was tested and used as required. 
The Pd147@Pt162 nanoparticles were modeled as 309 atom 
face-centered cubic (FCC) crystallites in the shape of a 
cuboctahedron with 147 core atoms and 162 shell atoms, which 
is consistent with the size of the synthesized DENs. A cubic 
box of side length 28 Å was used to contain the particle with 
a vacuum gap of at least 11 Å in all directions to avoid 
interactions between periodic images. A Γ-point sampling of 
the Brillouin zone was used for the isolated particles. All 
atoms in the nanoparticle were allowed to relax; geometries 




RESULTS AND DISCUSSION 
Particle synthesis and UV-vis analysis  
As described in the Methods Section, G6-OH(Pd147) DENs 
were prepared by first complexing 147 equivalents of PdCl4
2- 
to the interior of the dendrimer. The UV-vis spectrum of this 
precursor (Figure 2.1, black line) displays the expected 
ligand-to-metal charge transfer (LMCT) band at ~230 nm. After 
reduction with NaBH4 the LMCT band disappears and the broad-
band absorption associated with nanoparticles is observed 
(red line). Importantly, after the addition of Cu2+ in the 
presence of H2 gas (blue line), no dendrimer/Cu
2+ LMCT band is 
present at max = 300 nm,70 indicating that Cu2+ is not complexed 
to the dendrimer but rather is in its reduced form. The 
observed increase in the broad absorbance after adding Cu2+ 
is associated with the presence of larger DENs, suggesting 
that Cu is present as a thin shell on the Pd DENs. After 
addition of Pt2+, and the corresponding galvanic exchange of 
Cu for Pt, the absorbance increases again (green line). Again, 
no dendrimer/Cu2+ LMCT is observed, but in this case its 
absence is due to the low pH (~3) of the solution and the 
resulting protonation of the interior tertiary amines of the 
dendrimer.70  Taken together, the UV-vis results are fully 
consistent with the proposed synthetic pathway illustrated in 
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Illustration 2.1, though they do not provide sufficient 




UV-vis spectra of each step of the homogeneous synthesis of 
Pd147Pt162 DENs at a concentration of 2.0 µM in a 2.00 mm 
quartz cuvette, blanked with 2.0 µM G6-OH. 
 
The open circuit potential (OCP) of the synthetic process 
is also monitored in Figure 2.2. Beginning with a N2 purged 
solution, H2 is introduced and the OCP drops to ~-0.96 V. 
After the addition of sufficient CuSO4 to yield a 1.0 mM 
solution, the potential rises to ~0.4 V which is consistent 
with the nernstian potential of the deposition of Cu. There 
is only a slight change in potential upon switching back to 
 33 
N2 purging. After the addition of sufficient K2PtCl4
 to yield 
a 1.0 mM solution, the potential again rises, indicating the 
deposition of Pt through galvanic exchange. The OCP trace 
provides support for the hypothesis that a hydride is formed 
at the Pd DEN.  It also demonstrates that the Cu monolayer is 
stable after switching the purge gas from H2 to N2. It also 




Plot of the open circuit potential (OCP) versus time of a GC 
disk working electrode modified with G6-OH(Pd147) DENs 
supported on Vulcan carbon in 0.10 M LiClO4 solution. 
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TEM and XPS analysis of Pd147Pt162 DENs  
TEM data indicate that the initial Pd147 DEN core has a 
diameter of 1.6 ± 0.2 nm (Figure 2.3), which is consistent 
with previous reports and the calculated diameter of a 147-




(a) TEM image and (b) corresponding size-distribution 
histogram of monometallic Pd147 DENs.   
 
After addition of Pt, however, TEM analysis (Figure 2.4) 
indicates an average increase in size of 0.4 nm to 2.0 ± 0.2 
nm. The expected difference in diameter between Pt particles 
containing 147 and 309 atoms is 0.45 nm.71 Note that the 
micrograph in Figure 2.4a was obtained after immobilizing the 
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Pd147Pt162 DENs onto a Vulcan carbon support (see Experimental 




(a) TEM image of the Pd147Pt162 DENs ink. (b) Size-
distribution histogram of the Pd147Pt162 DENs and the Pd147 DEN 
precursor showing the 0.4 nm shift in the centroid after 
addition of Pt. 
 
Figures 3a and 3b show high-resolution STEM images that 
support the claim of monodispersity in size. Importantly, 
Figure 3c is an EDS line scan showing that both Pt (red) and 




a,b) HR-STEM images of Pd147Pt162 supported on Vulcan carbon 
and (c) an EDS line scan of an individual particle 
indicating collocation of Pt (red) and Pd (blue). The inset 
shows the particle used for the EDS analysis 
 
Figure 2.6 presents high-resolution XPS scans of the Pd 
and Pt binding energy region for the Pd147Pt162 DENs. For Pd, 
two peaks are present at 335.6 eV (3d5/2) and 341.0 eV (3d3/2), 
which correspond well with those expected for fully reduced 
Pd DENs: 335.7 eV and 341.0 eV,59 respectively. This indicates 
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that Pd is present in its zerovalent form and does not oxidize 
during synthesis. For comparison, an XPS spectrum of Pd147Pt162 
DENs that have been intentionally partially oxidized is 
provided in Figure 2.7. In the partially oxidized DENs, two 
pairs of peaks are present. One pair corresponds to zerovalent 
Pd and the other pair, which appear at 338.2 eV and 343.5 
eV,72 correspond to Pd2+.  Note that the latter pair of peaks 
is absent in Figure 2.6a. 
Two XPS peaks are also present in the Pt 4f region for 
the Pd147Pt162 DENs (Figure 2.6b). These appear at 71.6 eV (4f7/2) 
and 74.8 eV (4f5/2), which is comparable to values previously 
reported for G6-OH(Pt55) DENs: 71.3 eV and 74.5 eV,
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respectively. The absence of peaks corresponding to higher 
oxidation states of Pt indicates that complete galvanic 
exchange has occurred and that all of the added Pt salt has 
been reduced. The conclusion that both elements are located 
within the same nanoparticle and that they are both in their 
reduced form is necessary to validate the fitting model used 





High-resolution XPS spectra of Pd147Pt162 DENs in the (a) Pd 
and (b) Pt regions. The solid red lines correspond to the 





High-resolution XPS spectrum of the Pd region for partially 
oxidized Pd147Pt162 DENs. The Pd147Pt162 DENs supported on Vulcan 
carbon were exposed to air for 1 week prior to the 
measurement. The solid red lines correspond to zerovalent 
Pd, and the dashed red lines correspond to oxidized Pd (in 




In Figure 2.8, CVs of the Pd147Pt162 DENs are compared with 
those obtained using monometallic Pt240 DENs. In each case, 
the electrode was modified with a DEN-containing ink (see 
Experimental Section). A CV of the Pd147Pt162 DENs (Figure 2.8a) 
reveals H-atom adsorption and desorption at potentials 
between 0.3 V and the negative scan limit of 0.05 V. Upon 
scan reversal, the surface of the DENs is oxidized starting 
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at ~0.8 V, and then, when the scan is reversed again, the 
oxide is reduced between 0.8 and 0.5 V. These types of 
features are characteristic of both monometallic Pd and Pt 
materials.40,55,56  
The CV for Pd147Pt162 DENs can be compared to that of 
monometallic Pt DENs. For example, the CV obtained using 
monometallic Pt240 DENs (Figure 2.8b) exhibits two distinct 
hydride peaks on both the forward and reverse scans. As we 
have discussed previously, this is a consequence of faceting 
on larger DENs.56 The Pd147Pt162 DENs exhibit only one 
adsorption/desorption feature. This has previously been 
observed in PdPt alloy DENs. In the latter case, increasing 
Pd content results in a diminution, and eventual elimination, 
of the second hydride feature.55 By analogy to these early 
results, we conclude that the surface of the Pd147Pt162 DENs 




CVs of (a) Pd147Pt162 and (b) Pt240 DENs supported on Vulcan 
carbon. The scans started at 0.70 V and initially proceeded 
in the negative direction. The twentieth scans are shown, 
the scan rate was 100 mV/s, and the electrolyte was Ar-
purged. 
 
RDV scans for the ORR at Pd147Pt162 and Pt240 DENs are 
compared in Figure 2.9. Here, the onset potential for the ORR 
at the Pd147Pt162 DEN electrocatalysts is shifted slightly 
negative of the Pt240 DENs. In contrast, larger Pd@Pt 
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core@shell materials exhibit increased activity compared to 
otherwise equivalent monometallic Pt nanoparticles.40 
Accordingly, the RDV data confirm the CVs and suggest at least 
some Pd is present on the surface of the Pd147Pt162 DENs. 
 
Figure 2.9 
RDVs showing reduction of O2 using the same DEN-modified 
electrodes that were used for parts a and b. The electrolyte 
was O2-saturated 0.10 M HClO4. The scan started at 0.05 V 
and proceeded at 10 mV/s in the positive direction. The 
rotation rate was 1600 rpm. All current measurements are 
normalized to the geometric area of the electrode (0.248 
cm2). 
 
Importantly, the voltammetry of an electrode modified 
with Pd147Pt162 DENs is the same before and after the ORR (Figure 
2.10), suggesting that the DEN structure is not altered by 
the electrocatalytic reduction of O2. Additional credence for 
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this claim is provided by TEM images obtained before and after 
the ORR (Figure 2.11), which show that the average particle 




Cyclic voltammograms before and after ORR experiments in 
0.10 M HClO4. The scan rate was 100 mV/s, the current was 
normalized to the geometric area of the electrode (0.248 






(a) TEM image and (b) size-distribution histogram of PdPt 
DENs after 20 voltammetric scans and ORR RDV testing in 0.10 
M HClO4. 
 
In situ XAS structural characterization  
Figure 2.12 shows R-space data for the Pd edge of the 
monometallic precursor Pd147 and Pd147@Cu162 DENs, as well as the 
Pd and Pt edges of the Pd147Pt162 DENs. Analysis of the Pd EXAFS 
data for the monometallic Pd147 DENs yields a Pd-Pd 
coordination number (CNPd-Pd) of 8.4 ± 0.6, which is in good 
agreement with the calculated value (9.0) for a perfect 147-




EXAFS data and R-space fits (k-weight of 2). (a) Pd edge of 
monometallic Pd147 under H2; (b) Pd edge of the Pd147@Cu162 
intermediate under H2; (c) Pd edge of the final Pd147Pt162 
DENs under He; and (d) the corresponding Pt edge of the same 
structure. 
 
Table 2.1 provides Pd-Pd bond length, rPd-Pd, value of 
2.791 ± 0.003 Ǻ, which is larger than for bulk Pd (2.7506 Ǻ). 
This lattice expansion is probably due to formation of PdH, 
because the XAS spectrum was obtained in situ during H2 
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purging and just prior to addition of Cu2+.73 After addition 
of Cu2+, and subsequent reduction, results of the Pd K-edge 
EXAFS data analysis of the putative Pd147@Cu162 intermediate 
suggest that it maintains a stable core@shell structure. For 
example, the CNPd-Pd is, within the uncertainty of the 
measurement, unchanged in the absence and presence of Cu (8.4 
± 0.6 vs. 7.8 ± 0.7, respectively). If alloying or inversion 
had occurred, the calculated values from the model structures 
(Table 2.1) demonstrate that this value would be significantly 
lower due to reduced Pd-Pd interactions: 4.1 for an inverted 
particle and 4.6 ± 0.2 for a random alloy. The Pd edge data 
and fit for the Pd147@Cu162 DENs thus confirm the integrity of 
the Pd core during the Cu deposition step and also indicate 




 Experimental  Calculated  
CN Pd147@Cu162 Pd147@Cu162 Pd147Cu162 alloy Cu147@Pd147Cu15 
CNPd-Pd 7.8 ± 0.7 9.0 4.6 ± 0.2  4.1 
CNPd-Cu 1.7 ± 0.9 3.0 5.1 ± 0.2  3.3 
     
Pd147Pt162 
 Experimental Calculated 
CN Pd147Pt162 Pd147@Pt162 Pd147Pt162 alloy Pt147@Pd147Pt15 
CNPd-Pd 4.8 ± 1.1 9.0 4.6 ± 0.2 4.1 
CNPd-Pt 2.6  ± 1.2 3.0 5.1 ± 0.2 3.3 
CNPt-Pt 10.9  ± 3.7 4.7 5.0 ± 0.2 8.7 
CNPt-Pd 1.3  ± 0.6 2.7 4.6 ± 0.2 3.0 
Table 2.1 
CNs obtained from the fitting of experimental Pd147@Cu162 and 
Pd147Pt162 DENs EXAFS data compared to calculated CNs of model 
structures. Alloy values are the average of 20 random alloy 
configurations. 
 
The Cu XANES spectra in Figure 2.13 follow the oxidation 
state of Cu throughout the in situ synthesis of Pd147Pt162 DENs. 
The first step in this process is reduction of the CuSO4 salt 
by the hydrided Pd DENs. The most notable observation is that 
the spectrum for Cu present in the Pd147@Cu162 structure (Figure 
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2.13a, red) lacks the large white line component (compare to 
Figure 2.13b, black line), indicating that the Cu has been 
reduced. The XANES spectrum of Cu in the Pd147@Cu162 DENs is 
overlaid with that of a Cu reference foil in Figure 2.13a. 
For the Pd147@Cu162 DENs there are oscillations in the EXAFS 
region indicative of nearest neighbor scattering. However, 
the oscillations are not as pronounced as in the case of bulk 
Cu which has extended order not present in nanoparticles of 
this size. The final step of the synthesis of the Pd147Pt162 
DENs is galvanic exchange Cu for Pt. This involves oxidation 
of the Cu shell back to Cu2+. The Cu XANES spectrum obtained 
after this step (Figure 2.13b, red) overlays with the CuSO4 
standard (Figure 2.13b, black), indicating that the galvanic 





Cu XANES of (a) a Cu foil and the reduced Cu shell of the 
Pd147@Cu162 structure; and (b) a CuSO4 solution (no dendrimer 
present) and the Pd147Pt162 DENs solution after the galvanic 
exchange step. The results indicate that the Cu shell is 
oxidized in the presence of Pt2+. 
 
The bottom part of Table 2.1 shows CNs extracted from 
EXAFS data for the Pd147Pt162 final product. These data were 
obtained from the simultaneous first-shell fitting of the Pd 
and Pt edges. The experimentally determined CN values are 
compared to three theoretical structures: Pd147@Pt162, a 
Pd147Pt162 alloy, and an inverted Pt147@Pd147Pt15 structure. The 
EXAFS data were found to most closely match the inverted 
Pt147@Pd147Pt15 structure. Most strikingly, the CNPt-Pt (10.9 ± 
3.7) is much larger than would be expected for a complete Pt 
shell (calculated CNPt-Pt = 4.7) or if the structure was alloyed 
(calculated CNPt-Pt = 5.0 ± 0.2). Also, the total Pt-metal CN 
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(CNPt-M) of 12.2 (the sum of CNPt-Pt and CNPt-Pd) is larger than 
the total Pd-metal CN (CNPd-M) of 7.4 (the sum of CNPd-Pd and 
CNPd-Pt). This implies that Pt is more fully coordinated than 
Pd, which would be expected if Pt is predominantly in the 
interior of the nanoparticle as surface atoms have fewer 
nearest neighbors.64 A full summary of the extracted 
parameters from the EXAFS fits, including r and σ2 values, 
can be found in Table 2.2 for all samples. A TEM micrograph 






 CNPd-Pd rPd-Pd (Ǻ) σ2Pd-Pd (Ǻ2) 
Pd 8.4 ± 0.6 2.791 ± 0.003 0.0084 ± 0.0005 
Pd147@Cu162 
 CNPd-Pd rPd-Pd (Ǻ) σ2Pd-Pd (Ǻ2) 
Pd 
7.8 ± 0.7 2.752 ± 0.005 0.010 ± 0.002 
CNPd-Cu rPd-Cu (Ǻ) σ2Pd-Cu (Ǻ2) 
1.7 ± 0.9 2.64 ± 0.02 0.006 ± 0.005 
Pd147Pt162 
 CNPd-Pd rPd-Pd (Ǻ) σ2Pd-Pd (Ǻ2) 
Pd 4.8 ± 1.1 2.72 ± 0.01 0.005  ± 0.001 
 CNPd-Pt rPd-Pt (Ǻ) σ2Pd-Pt (Ǻ2) 
 2.6  ± 1.2 2.72  ± 0.02 0.003  ± 0.002 
 CNPt-Pt rPt-Pt (Ǻ) σ2Pt-Pt (Ǻ2) 
Pt 10.9  ± 3.7 2.72  ± 0.02 0.011  ± 0.004 
 CNPt-Pd rPt-Pd (Ǻ) σ2Pt-Pd (Ǻ2) 
 1.3  ± 0.6 2.72  ± 0.02 0.003  ± 0.002 
Table 2.2 
Table of all extracted EXAFS fit parameters for Pd147, 




TEM size-distribution histogram for Pd147Pt162. These data 
were obtained using DENs synthesized in situ for the EXAFS 
and XANES experiments, and therefore they correlate exactly 
to the results shown in Figures 6 and 7 in the main text. 
TEM samples were prepared by allowing 3.0 µL of the 
synthesized DENs solution, diluted to 2.0 µM, to dry on a 
carbon-coated Cu grid (Electron Microscopy Sciences. 
 
DFT calculations  
DFT calculations were used to better understand the 
observed inversion of Pd147Pt162 DENs. The thermodynamic 
stability of Pd147@Pt162 nanoparticles was evaluated using the 
segregation energy (Eseg), which is the energy required to swap 
a shell atom with its neighboring Pd-core atom. Negative 
values of Eseg correspond to favorable exchange of atoms 
between the shell and core. The effect of an aqueous 
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environment was taken into consideration by adsorbing a 
hydroxyl group (OH) to surface sites neighboring the swapped 
atom. Because Cu binds OH more strongly than Pd, the Cu shell 
is stabilized and the Pd147@Cu162 structure is predicted to be 
stable. This is the same result found in the aforementioned 
experiments. 
Here we focus on the inversion of Pd147Pt162 DENs. The 
segregation energy for different sites on Pd147@Pt162 and Pd/Pt 
bulk are listed in Table 2.3. For Pd147@Pt162 in vacuum, the 
corner site has the most negative segregation energy (-0.26 
eV), indicating that Pt atoms at corner sites are the least 
stable with respect to migration into the core. The presence 
of adsorbed OH groups does not significantly change the value 
of Eseg for the (100) facet, or the edge and corner sites. 
However, Eseg of atoms on the (111) facet, which is 
energetically unfavorable for swapping in the vacuum, drops 
to -0.27 eV in the presence of OH, becoming another reactive 
site for core-shell inversion. 
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 Pd147Pt162 Pd/Pt Bulk 
Site (111) (100) Edge Corner (111) (100) 
Eseg (eV) 0.04 -0.17 -0.06 -0.26 0.03 -0.18 
Eseg(OH) (eV) -0.27 -0.11 -0.05 -0.27 -0.28 -0.11 
Table 2.3 
Summary of segregation energies of Pd147Pt162 compared to bulk 
Pd/Pt, with and without surface hydroxyl present. 
 
Previous studies showed that Pt can form a stable 
monolayer on a bulk Pd surface and on large (~3.5-9 nm) Pd 
nanoparticles39-42,46,74 Accordingly, the same thermodynamic 
stability calculations used for the DENs, with and without 
surface OH groups, were performed on 4-layer, 44 Pd(111) and 
Pd(100) slab models supporting a Pt monolayer. The calculated 
segregation energies of both bulk facets are almost the same 
(within 0.01 eV, Table 2.3) as for the DEN model. This 
calculation indicates the inversion we observed on Pd147Pt162 
is likely due to the unstable corner sites. Within the context 
of this model, as the size of the nanoparticle increases, the 
ratio of corner sites to surface sites drops, and the 
inversion will be less likely to occur. In addition, a Pt 
monolayer on larger Pd particles is likely kinetically 
stabilized. The nanoparticles in this study are only 2 nm in 
diameter, and hence have a relatively flexible structure as 
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compared to bulk materials, which is expected to lower the 
barrier for atom swapping especially at low coordinated sites.  
 
Pd55Pt92 DENs 
To test for generality, we prepared Pd55Pt92 DENs using 
the same approach used for the previously discussed Pd147Pt162 
DENs. The starting material for this synthesis was G6-OH(Pd55) 
DENs, a shell of Cu was added, and then the Cu was exchanged 
for Pt. UV-vis spectra (Figure 2.15) show the same trends as 
for the Pd147Pt162 DENs, and TEM images and sizing histograms 
indicate an average particle diameter of 1.7 ± 0.2 nm (Figure 




UV-vis spectra of each step of the homogeneous synthesis of 
2.0 µM Pd55Pt92 DENs.  The spectra are referenced to a 
solution containing 2.0 µM G6-OH. The path length of the 





TEM size-distribution histogram for 100.0 µM Pd55Pt92 DENs 
synthesized in situ for EXAFS experiments. TEM samples were 
prepared by first diluting the 100.0 µM DENs solution to 2.0 
µM, and then pipetting 3.0 µL of the diluted solution onto a 
carbon-coated Cu grid (Electron Microscopy Sciences). 
 
 
EXAFS characterization was also performed on the final 
product of a homogenous solution of Pd55Pt92 DENs at a 
concentration of 100.0 µM. The spectra were obtained under He 
gas to prevent oxidation, and R-space data and corresponding 
fits are presented in Figure 2.17. Extracted CNs (Table 2.4) 
indicate the inversion also occurs with this smaller size of 
DENs. As for the larger DENs, the most notable EXAFS result 
is the CNPt-Pt of 8.1 ± 1.9, which is significantly higher than 
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anticipated for a Pd55@Pt92 core@shell configuration (4.7). 
Table 2.5 contains a full summary of the extracted parameters 




EXAFS data and fits in R-space (k-weight of 2). (a) Pd edge 
of the Pd55Pt92 DENs, and (b) the corresponding Pt edge. The 
data were obtained in a He-purged solution and at a DENs 




 Experimental Calculated 
CN Pd55Pt92 Pd55@Pt92 Pd55Pt92 alloy Pt55@Pd55Pt37 
CNPd-Pd 3.6 ± 1.5 7.9 3.4 ± 0.3 2.9 
CNPd-Pt 4.0  ± 2.2 4.1 5.6 ± 0.2 3.9 
CNPt-Pt 8.1  ± 1.9 4.7 5.6 ± 0.2  7.9 
CNPt-Pd 1.5  ± 1.0 2.5 3.5 ± 0.1 2.4 
Table 2.4 
CNs extracted from the EXAFS fits for Pd55Pt92 as compared to 
different model structures. The best agreement is obtained 




 CNPd-Pd rPd-Pd (Ǻ) σ2Pd-Pd (Ǻ2) 
Pd 3.6 ± 1.5 2.72 ± 0.02 0.005  ± 0.003 
 CNPd-Pt rPd-Pt(Ǻ) σ2Pd-Pt (Ǻ2) 
 4.0  ± 2.2 2.72  ± 0.03 0.008  ± 0.005 
 CNPt-Pt rPt-Pt (Ǻ) σ2Pt-Pt (Ǻ2) 
Pt 8.1  ± 1.9 2.71  ± 0.02 0.009  ± 0.001 
 CNPt-Pd rPt-Pd (Ǻ) σ2Pt-Pd (Ǻ2) 
 1.5 ± 1.0 2.72  ± 0.03 0.008  ± 0.005 
Table 2.5 
Table of all extracted EXAFS fit parameters for Pd55Pt92. 
 
SUMMARY AND CONCLUSIONS 
In this paper we have shown that bimetallic DENs can be 
prepared by a homogeneous route involving sequential 
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formation of a Pd core, a Cu shell, and then galvanic exchange 
of the Cu shell for Pt. We anticipated that this approach 
would yield a Pd@Pt core@shell DEN. However, all of the 
evidence presented in this paper suggests that the structure 
inverts into one that is Pt rich in the interior and Pd rich 
on the exterior. The EXAFS results, in particular, are quite 
clear on this point. 
DFT calculations suggest that the high energy edge and 
corners sites present in these smaller nanoparticles may help 
initiate rearrangement to more stable structures. 
Additionally, the intrinsic disorder present in particles in 
this size range may contribute to this tendency to reorganize 
while in bulk systems or in larger nanoparticles the Pt 
monolayer may be kinetically stabilized. The mechanism of 
this rearrangement poses an interesting theoretical question 
and further investigation into this model system is a future 
direction of this research.  
From the results in this study, and our earlier 
examination of PdAu DENs,37 we conclude that inversion, and 
structural instabilities generally, are characteristic of 
nanoparticles having sizes of <~2-3 nm. These findings are 
important, because they suggest that in this size range slab 
models may not be appropriate for nanoparticles. This in turn 
points to the importance of directly comparing theory with 
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exact (or nearly exact) experimental models for nanoparticles 
in this size range. 
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Chapter 3: Multistep Galvanic Exchange Synthesis 
Yielding Fully Reduced Pt Dendrimer-Encapsulated 
Nanoparticles‡ 
INTRODUCTION 
Dendrimer-encapsulated nanoparticles (DENs) are well-
defined nanoparticles having sizes ranging from just a few 
atoms23 to perhaps 300 atoms.21,22 This is the most 
scientifically interesting range of metal particle sizes 
because the addition of just a few atoms can drastically 
change their optical, electrical, mechanical, and catalytic 
properties.75-78 For fundamental studies of catalytic 
properties, DENs are particularly useful for two reasons. 
First, it is possible to control their size, composition, and 
structure over a fairly broad parameter space, which is 
important for comparing theoretical calculations with 
experimental data.29,79,80 Second, the presence of the dendrimer 
protects the particles from agglomeration without poisoning 
the metal surface. For both of these reasons, DENs are one of 
the best model materials available for studying the 
                     
‡ Anderson, R. M.; Yancey, D. F.; Loussaert, J. A.; Crooks, 
R. M. Langmuir 2014, 30, 15009-15015. 
D. F. Yancey and J. A. Loussaert aided with data collection 
and interpretation. R. M. Crooks was the project supervisor.  
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fundamental properties of electrocatalytic reactions on metal 
particles in the 1-2 nm size range.  
Pt is one of the most important catalytic metals, and 
hence Pt DENs have been studied as catalysts for 
homogeneous,81,82 heterogeneous,83 and electrocatalytic84-86 
reactions. However, we27 and others87-90 have previously pointed 
out that correlations between theory and experiment with DENs 
are complicated by incomplete reduction of the Pt salt used 
as the nanoparticle precursor. This situation is unique to Pt 
DENs and is a consequence of the method used to prepare them. 
Pt DENs, and DENs in general, are usually synthesized in two 
steps.21,22 First the poly(amidoamine) (PAMAM) dendrimer and 
precursor metal salt are mixed together, and this results in 
encapsulation of the precursor within the dendrimer interior. 
Second, a strong reducing agent like BH4
- is added to the 
resulting solution. This leads to reduction of the precursor 
and subsequent intradendrimer agglomeration of the resulting 
atoms to yield the final nanoparticle.   
For most metals, the addition of BH4
- results in complete 
reduction of the precursor metal salt. Pt is unusual, however, 
in that the synthesis leads to a bimodal distribution of fully 
reduced DENs and fully unreduced, Pt2+-containing dendrimers.27 




Schematic of the bimodal distribution of fully reduced 




We explained this observation by invoking a nucleation 
and growth mechanism for Pt DENs. Within this framework, 
zerovalent Pt seeds form in some dendrimers but not in others. 
In the presence of seeds, additional reduction of Pt2+ within 
that dendrimer is autocatalytic. However, if no seed forms, 
then the metal salt is kinetically trapped in its oxidized 
form. At this point we do not know with certainty why seeds 
form in some dendrimers and not in others, but the problem 
has been studied by others.87-89,91 For example, Borodko et al.88 
reported that multidentate binding of Ptn+ to amine groups 
within the dendrimer hinders the reduction of the precursor 
complex to zerovalent particles, presumably by shifting the 
redox potential of Ptn+ negative. Subsequently, this same 
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group showed that UV irradiation of the precursor can yield 
linear Pt chains containing 2-8 atoms, and that these seeds 
lead to the formation of nanocrystals.89  
We have shown that small (~1.5 nm), fully reduced Pt 
DENs can be prepared using the method of galvanic exchange.92 
These materials are prepared by synthesizing Cu DENs using 
the usual BH4
- reduction method, and then a Pt salt, such as 
PtCl4
2-, is added to the solution. Because of their relative 
reduction potentials, the Cu DENs are oxidized to Cu2+, and 
the Pt salt is reduced to zerovalent Pt.70 Although this method 
is highly effective, the largest Pt DENs that can be formed 
in sixth-generation PAMAM dendrimers by galvanic exchange 
contain just 64 atoms. This is a consequence of the fact that 
maximum number of Cu2+ ions that can be sequestered within the 
dendrimer is 64, as shown in Figure 3.1, and that the Cu:Pt 
galvanic exchange stoichiometry is 1:1.93 Clearly, it would 
be advantageous to use this same approach to prepare larger 





The relationship between the number of Cu2+ ions complexed 
to the number of tertiary amine groups within different 
generations of hydroxyl terminated PAMAM dendrimers. J. 
Phys. Chem. B 2005, 109, 692-704. Copyright 2005 American 
Chemical Society.   
 
In the present report, we use more advanced 
characterization tools, primarily scanning transmission 
electron microscopy (STEM) and X-ray absorption near edge 
structure (XANES) spectroscopy, to confirm that the standard 
BH4
--reduction method leads to a bimodal distribution of 
reduced and unreduced Pt-dendrimer composite materials. More 
importantly, however, we describe a galvanic exchange-based 
synthetic procedure that leads to larger, fully reduced Pt 
DENs. The synthetic approach involves two steps.  First, Cu 
DENs containing more than 64 atoms are prepared by carrying 
out multiple sequential complexation/reduction steps. Second, 
galvanic exchange of these larger Cu DENs with Pt2+ results 
in Pt DENs containing up to at least 225 atoms. We confirm 
that full reduction of Pt has occurred using UV-vis 
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spectroscopy, X-ray photoelectron spectroscopy (XPS), and 
extended X-ray absorption fine structure (EXAFS) 
spectroscopy. This advance in the synthesis of model Pt DENs 
will allow for more accurate comparison of experimental 





Sixth-generation, hydroxyl-terminated (G6-OH) 
poly(amindoamine) (PAMAM) dendrimers in methanol were 
purchased from Dendritech (Midland, MI). Before use, the 
dendrimer solution was dried under vacuum and reconstituted 
in water at a concentration of 100.0 µM. Isopropyl alcohol 
and NaBH4 were purchased from Sigma-Aldrich, K2PtCl4 was from 
Acros Organics, CuSO4 and NaOH from Fisher Scientific, high-
purity HClO4 from J.T. Baker, and Vulcan carbon was from 
ElectroChem, Inc. (Woburn, MA). All solutions were made using 
deionized water having a resistivity of 18.2 MΩ•cm (Milli-Q 
gradient system, Millipore). 
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Synthesis of Pt DENs by BH4
- reduction  
The Pt-dendrimer precursor complexes (G6-OH(Pt2+)n, n = 
55, 140, or 225) were prepared by allowing the appropriate 
amount (55, 140, or 225 equiv., respectively) of K2PtCl4 to 
complex with the interior of G6-OH (2.0 µM) for 72 h. The G6-
OH(Pt2+)n precursor was reduced by adding 50 equiv. of NaBH4, 
and then tightly sealing the container for 24 h. To avoid 
high H2 pressures, 15 mL samples of DENs were reduced in 20 
mL vials. Note that in the past we have typically used a 
NaBH4:Pt
2+ ratio of 10:1, but it was increased here to 
facilitate maximum Pt2+ reduction. UV-vis spectra were 
acquired using a Hewlett-Packard HP8453 spectrometer. A 2.0 
mm quartz cuvette was used and blanked with 2.0 µM G6-OH.  
 
Synthesis of Pt DENs by galvanic exchange  
The first step of the Pt DEN galvanic exchange synthesis 
is preparation of 55-atom Cu DENs using a previously reported 
procedure.70,92,93 Briefly, a 2.0 µM solution of G6-OH PAMAM 
dendrimer was prepared from a 100.0 µM stock solution. To 
this, 55 equiv. of CuSO4 were added from a 0.010 M stock 
solution. Aliquots of 0.30 M NaOH were added to adjust the pH 
to ~7.5, and this solution was stirred for 15 min to allow 
for Cu2+ complexation to the dendrimer. At this point, the 
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solution was purged with N2, and it was kept under N2 for the 
remainder of the synthetic procedure. Next, an equivalent 
(molar) amount of NaBH4 was added from a freshly made 0.10 M 
stock solution. Reduction was allowed to proceed for at least 
5 min.  
Once reduction was complete, excess unreacted BH4
- was 
oxidized by adding a four-fold excess (relative to the equiv. 
of BH4
-) of 0.1 M HClO4 and allowing it to react for 5 min (the 
pH was maintained above 5 with NaOH throughout the synthesis). 
The pH of the solution was then raised to ~6.5 so that 
additional equiv. of Cu2+ could be complexed with the 
dendrimer. This cycle (adjust pH to > 6.5, add Cu2+, wait for 
complexation, reduce, oxidize excess BH4
-) was repeated as 
many times as necessary to synthesize Cu DENs of the desired 
size. At this stage, the pH was lowered to 3.2 and galvanic 
exchange for Pt was carried out by adding sufficient Pt2+ 
(from a freshly prepared 0.10 M stock solution of PtCl4
2-) to 
the Cu DENs solution so that the Pt2+:Cu ratio was 1. The 
resulting Pt DENs solution was immediately immobilized on 




Analysis by scanning transmission electron microscopy 
(STEM)  
The G6-OH(Pt2+)n precursor, Pt DENs synthesized by 
chemical reduction, and Pt DENs synthesized by galvanic 
exchange (collectively referred to as Pt-dendrimer 
composites) were immobilized on Vulcan carbon by diluting a 
2.0 µM solution of the Pt-dendrimer composite to 200 nM and 
then adding 2.0 mg of Vulcan carbon per mL of diluted Pt-
dendrimer composite. This ratio of dendrimers:carbon ensured 
sufficient separation (for imaging purposes) between 
individual Pt-dendrimer composites on the surface of the 
Vulcan carbon. Isopropyl alcohol (final concentration: 20 
vol%) was added to each solution to assist with dispersion of 
the carbon. The resulting ink was sonicated for 1 min, then 
2.0 µL of this solution was pipetted onto a lacey-carbon-
over-Ni transmission electron microscopy (TEM) grid (Electron 
Microscopy Sciences, Hatfield, PA), and finally the grid was 
dried in air. A JEOL JEM-ARM200F STEM with spherical 
aberration (Cs) correction and a high-angle annular dark-
field (HAADF) detector was used for sample analysis. 
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Analysis by X-ray absorption spectroscopy (XAS)    
As for the STEM analysis, the Pt-dendrimer composites 
were also immobilized on Vulcan carbon for XAS. The XAS 
analysis requires a higher surface concentration of the Pt-
dendrimer composites, however, so 2.0 mg of Vulcan carbon per 
mL of the undiluted (2.0 µM) composite was used. The carbon-
supported Pt-dendrimer composites were then filtered using an 
Advantec PTFE membrane filter (0.5 µm pore size). The filtrate 
was rinsed with water and then isopropyl alcohol, and allowed 
to dry in air overnight. The dried powder was pressed into a 
pellet at 1 ton of pressure for XAS analysis. XAS analysis 
was performed at the National Synchrotron Light Source at 
Brookhaven National Lab using beamline X18b. The data were 
collected in transmission mode using gas ionization detector 
chambers. A Pt foil was fit to obtain the amplitude factor 
(S0
2 = 0.87 for the Pt L3 edge was used). The data were analyzed 
using the IFFEFIT and Horae software packages.60-62 The first 
shell was fit in R-space using a k-weight of 2 for the Fourier 
transforms.  
 
Analysis by X-ray photoelectron spectroscopy (XPS)  
A portion of the same pellet used for the XAS analysis 
was used for XPS. The pellet fragment was dissolved in water, 
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and an aliquot was pipetted onto a chip of glassy carbon. XPS 
was performed using a Kratos Axis Ultra spectrometer (Chestnut 
Ridge, NY) having an Al K source. Individual elemental 
spectra were collected with a 0.1 eV step size and a band 
pass energy of 20 eV. Binding energies were calibrated against 
the C 1s line at 284.5 eV.72 CasaXPS (version 2.3.15, Casa 
Software, Teignmouth, UK) was used for peak fitting, assuming 
a mixed Gaussian/Lorentzian model. 
 
RESULTS AND DISCUSSION 
Synthesis of Pt DENs by chemical reduction  
Before describing our new method for complete reduction 
of Pt DENs, we discuss the original BH4
--reduction method, 
which leads to only partial reduction, for comparison. The 
UV-vis spectra of the G6-OH(Pt2+)n (n = 55, 140, and 225) 
precursor before and after reduction with BH4
- are provided 
in Figure 3.2. These spectra show that even after reduction 
with 50-fold excess BH4
-, a fraction of the ligand-to-metal 
charge-transfer (LMCT) band of G6-OH(Pt2+)n (max = 250 nm) and 
the absorbance bands arising from the unreduced Pt2+ salt (max 
= 215 and 230 nm) are present. Consistent with previous 






UV-vis spectra of Pt-dendrimer complexes, G6-OH(Pt2+)n, and 
Pt DENs synthesized by BH4
- reduction, G6-OH(Ptn), where n = 
55, 140, and 225. The spectra were acquired using a 2.0 mm 
quartz cuvette and blanked with 2.0 µM G6-OH. 
 
Synthesis of Pt DENs by galvanic exchange  
As discussed in the experimental section, Pt DENs 
prepared by galvanic exchange are synthesized by sequentially 
complexing and reducing aliquots of Cu2+ in the presence of 
G6-OH, and then reacting the resulting Cu DENs with Pt2+. To 
prepare Cu DENs containing more than 64 atoms, multiple 
complexation and reduction steps are required. This is 
because, as we have previously shown, the maximum number of 
Cu2+ ions that can be complexed with the interior tertiary 
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amines of G6-OH is 64.93 Accordingly, the Cu DEN synthesis 
begins by complexing a slightly substoichiometric amount of 
Cu2+ (55 equiv.) with G6-OH. As shown in Figure 3.3a, this 
results in a well-defined LMCT band at max = 300 nm 
corresponding to the G6-OH(Cu2+)55 precursor. Following 
reduction with BH4
-, this LMCT band disappears and the 
characteristic broad absorbance of 55-atom Cu DENs is observed 
in Figure 3.3b.93 After removal of excess BH4
- by addition of 
HClO4, 55 additional equiv. of Cu
2+ are added to the solution 
and the LMCT band is observed again (Figure 3.3a), but now it 
is superimposed on the spectrum of the reduced G6-OH(Cu55) 
DENs. Importantly, the appearance of the LMCT band confirms 
that no active BH4
- is present in solution, because the added 
Cu2+ is still in its oxidized form and able to complex to the 
dendrimer (at pH > 6.5). After the second aliquot of Cu2+ is 
sequestered inside the dendrimer, additional BH4
- is added to 
yield reduced DENs containing an average of 110 atoms: G6-
OH(Cu110). As shown in  Figure 3.3b this results in an increase 
in the featureless absorbance spanning the indicated 
wavelength range. This process is then continued until Cu 
DENs of the desired size are formed. In this case, we stopped 
the process at 140 total equiv. of Cu in order to make a 
direct comparison to BH4
--reduced Pt DENs of the same nominal 
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(a) UV-vis spectra for each sequential complexation step of 
the synthesis of G6-OH(Cu140) DENs. (b) UV-vis spectra for 
each sequential reduction step in the synthesis of G6-
OH(Cu140) DENs. 
 
The Cu DENs are converted into Pt DENs by adding the 
same number of equiv. of PtCl4
2- as were used to prepare the 
Cu DENs. As previously reported for the synthesis of G6-
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OH(Pt55), this galvanic exchange reaction is carried out at 
pH ~3,70 with the value here being 3.2. Figure 3.4 compares 
UV-vis spectra of the 140-atom Cu DENs at pH > 6.5 and the Pt 
DENs immediately after galvanic exchange (pH 3.2). Consistent 
with previous reports, the absorbance of the G6-OH(Pt140) DENs 
is significantly higher than that of the corresponding Cu 
DENs.70 Additionally, the Cu-LMCT band (λmax = 300 nm) is absent 
after galvanic exchange at pH 3.2, because the interior 
tertiary amines of the dendrimer are protonated and hence not 
available for complexation with Cu2+.70 For direct comparison 
with the G6-OH(Cu140) spectrum, the pH of the G6-OH(Pt140) 
solution was then raised above 6.5. In this case, the pH is 
high enough that the interior tertiary amines can complex 
free Cu2+, and a Cu-LMCT band is again apparent. This confirms 
that galvanic exchange has occurred and that Cu2+ is present 




Comparison of the UV-vis spectra of G6-OH(Cu140) prepared by 
direct reduction with BH4
- (blue), and G6-OH(Pt140) prepared 
by galvanic exchange at pH 3.2 (black) and at pH >6.5 
(green). The concentration of the dendrimers in these 
solutions was 2.0 µM, and the data were obtained using a 
2.00 mm quartz cuvette and blanked with water. 
 
Pt DENs larger than n=140 can also be made by galvanic 
exchange. For example, Figure 3.5 compares G6-OH(Pt140) and 
G6-OH(Pt225) DENs. The abosrbance of G6-OH(Pt225) is higher at 
all wavelengths, qualitatively indicating the presence of 




UV-vis spectra G6-OH(Pt140) and G6-OH(Pt225) DENs prepared by 
galvanic exchange (GE). As the size of the DENs increases, 
the absorption at all wavelengths does as well. These 
spectra were obtained at pH 3.2 using a 2.0 mm cuvette 
blanked with water. 
 
Following synthesis, the Pt DENs were immobilized on 
Vulcan carbon, which as we have shown previously is a good 
support for performing electrocatalytic experiments using 
DENs.38,58 Immobilization was carried out at pH 3.2 by the 
addition of Vulcan carbon and subsequent filtration as 
described in the experimental section. TEM images and size-
distribution histograms of G6-OH(Pt140) and G6-OH(Pt225) 
immobilized on Vulcan, prepared using the aforementioned 
procedure, are shown in Figure 3.6. Consistent with 
 79 
expectations, these data indicate that the DENs have diameters 
of 1.7 ± 0.2 nm for G6-OH(Pt140) (calculated diameter = 1.6 
nm) and 1.9 ± 0.2 nm for G6-OH(Pt225) (calculated diameter = 
1.9 nm).84  
 
Figure 3.6 
TEM images and corresponding size-distribution histograms 
for G6-OH(Pt140)(top) and G6-OH(Pt225) (bottom) DENs 
synthesized by galvanic exchange. Transmission electron 
microscopy (TEM) images were obtained using a JEOL-2010F TEM 
operating at 200 kV. 
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STEM results  
The conclusion that a bimodal distribution of fully 
reduced and unreduced DENs results from the standard BH4
—
reduction method relies in part on results from a previous 
TEM study. In that earlier analysis, micrographs showed that 
direct reduction resulted in Pt DENs having the expected size 
distribution despite other analytical methods indicating 
incomplete reduction.27 At that time, however, we did not have 
access to electron microscopy with sufficient resolution and 
contrast to image the G6-OH(Pt2+)n precursor. Now, by utilizing 
high-resolution aberration-corrected STEM, individual Pt 
atoms/ions are visible, and hence it is possible to 
distinguish between the G6-OH(Pt2+)n precursor and G6-OH(Ptn) 
DENs.  The STEM data discussed next confirm that BH4
- reduction 
results in a bimodal distribution of reduced and unreduced 
DENs.  
Figure 3.7a is a STEM micrograph of the G6-OH(Pt2+)55 
precursor that has not been exposed to BH4
-. This image shows 
clusters of individual Pt atoms/ions on the Vulcan carbon 
surface. To highlight the nature of these groupings, red 
circles having diameters of ~7 nm (the approximate diameter 
of G6 PAMAM dendrimers)94 have been overlaid onto the image. 
Although highly qualitative, it is not difficult to imagine 
that these clusters of atoms/ions are contained within 
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individual dendrimers. The micrograph in Figure 3.7b was 
obtained after direct BH4
- reduction of the G6-OH(Pt2+)55 
precursor. In this case, both ordered nanoparticles (~1.3 
nm,27 indicated by red arrows) and a grouping of atoms (red 
circle) are visible on the Vulcan carbon support. This 
observation is consistent with the partial (bimodal) 
reduction model. Specifically, the approximate spread of the 
disordered atoms is maintained at ~7 nm, suggesting that some 
of the complexes are unaffected by the chemical reduction 
process.  
Figure 3.7c shows that G6-OH(Pt55) DENs synthesized by 
galvanic exchange of Cu for Pt reveal no sign of the unreduced 
G6-OH(Pt2+)55 complex (that is, no evidence of individual atoms 
were apparent despite extensive analysis of the grid). Rather, 
only fully reduced particles were observed. This same trend 
is observed for G6-OH(Pt2+)140, G6-OH(Pt140) prepared by BH4
- 
reduction, and G6-OH(Pt140) prepared by galvanic exchange 
(Figure 3.7d, Figure 3.7e, and Figure 3.7f, respectively) and 
for G6-OH(Pt2+)225 and G6-OH(Pt225) prepared by BH4
- reduction 
(Figure 3.7g and Figure 3.7h, respectively). In summary, the 
representative micrographs shown in Figure 3.7 confirm, 
qualitatively, our earlier bimodal-distribution model, 
wherein a fraction of the G6-OH(Pt2+)n species remain unreduced 
when exposed to BH4
-, while the remainder are reduced to yield 
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G6-OH(Ptn) DENs.
27 In contrast, galvanic exchange results in 
complete reduction.  We wish to emphasize, however, that a 
much larger statistical analysis would be required to confirm 
these conclusions if they were solely based on electron 
microscopy.  As discussed in the next three sections, however, 
spectroscopic evidence is conclusive.  
 
Figure 3.7 
Representative STEM images of: (a) the G6-OH(Pt2+)55 
precursor complex, (b) G6-OH(Pt55) synthesized by direct 
reduction with BH4
-, (c) G6-OH(Pt55) synthesized by galvanic 
exchange, (d) the G6-OH(Pt2+)140 precursor complex, (e) G6-
OH(Pt140) synthesized by direct reduction with BH4
-, (f) G6-
OH(Pt140) synthesized by galvanic exchange, (g) the G6-
OH(Pt2+)225 precursor complex, and (h) G6-OH(Pt225) synthesized 
by direct reduction with BH4
-. The red circles (~7 nm in 
diameter) represent the approximate width of a G6 PAMAM 
dendrimer, and highlight the groupings of atoms present in 
the precursor complex or with incomplete reduction by BH4
-. 
The red arrows mark the presence of reduced DENs. 
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XPS analysis  
Although it is difficult to obtain quantitative 
information about the extent of Pt DEN reduction from TEM 
studies, XPS is very well suited for this purpose. 
Accordingly, we used XPS to compare the extent of reduction 
using the BH4
- and galvanic exchange approaches. As shown in 
Figure 3.8a, the Pt 4f7/2 peaks for G6-OH(Pt
2+)n (n = 55, 140, 
and 225) are present at 72.9, 73.3, and 73.5 eV, respectively. 
These values can be compared with that of the PtCl4
2- starting 
material: 73.4 eV (black vertical line).
72 The slight shift to 
lower binding energy as the Pt:dendrimer ratio decreases may 
result from the increased availability of dendrimer binding 
sites at lower Pt2+ concentrations and the corresponding 
increase in multidentate binding.88,91  
The spectrum of the BH4
--reduced DENs (G6-OH(Ptn), n = 
55, 140, and 225) exhibit multiple pairs of peaks, which is 
consistent with partial reduction and two populations of Pt 
oxidation states. Focusing on the Pt 4f7/2 region, the peaks 
at ~71.8 ± 0.2 eV correspond to zerovalent DENs. The black 
vertical line at 71.3 eV marks the value previously reported 
for the 4f7/2 peak for Pt DENs.
27 In addition to these 
zerovalent Pt 4f peaks, a second set of 4f peaks, 
corresponding to the G6-OH(Pt2+)n precursor, are also present. 
These results are consistent with our previous finding that 
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the BH4





High-resolution XPS spectra of (a) G6-OH(Pt2+)n, (b) G6-
OH(Ptn) synthesized by direct reduction with BH4
-, and (c) 
G6-OH(Ptn) synthesized by galvanic exchange (GE), where n = 
55, 140, and 225. The vertical black lines at 73.4 eV and 
71.3 eV represent literature values for the binding energies 
of PtCl4
2- and fully reduced Pt DENs, respectively. 
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The XPS peaks in Figure 3.8b were fit to quantify the 
extent of reduction for each sample. The fits are shown in 
Figure 3.9 and quantitative results are provided in Table 
3.1.  
 
 Percent Reduction 
  XPS XANES 
G6-OH(Pt55) 59% 54% 
G6-OH(Pt140) 40% 42% 
G6-OH(Pt225) 43% 50% 
Table 3.1 




In all cases, the total XPS spectra are well represented 
by deconvolution into peaks corresponding to the Pt0 and Pt2+ 
binding energies. The extent of reduction determined from 
these fits is 59%, 40%, and 43% for G6-OH(Ptn) (n = 55, 140, 
and 225) DENs, respectively. These values are somewhat 
different than those we have reported previously for n = 55, 
147, and 240: 14%, 44%, and 64%, respectively.27 We attribute 
the large difference in the percent reduction of G6-OH(Pt55) 
to the larger excess of BH4
- used for reduction in the present 
set of experiments (50-fold versus 10-fold).   
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Figure 3.9 
Fits of (a) Pt55, (b) Pt140, and (c) Pt225 DENs reduced using 
BH4
-. The data were fit using a combination of Pt0 (red) and 
Pt2+ (blue) 4f peaks. CasaXPS (version 2.3.15, Casa 
Software, Teignmouth, UK) was used for peak fitting, 
assuming a mixed Gaussian/Lorentzian model. 
 
Figure 3.8c shows XPS spectra of the G6-OH(Ptn) DENs 
prepared by galvanic exchange. In contrast to the spectra of 
the BH4
--reduced DENs in Figure 3.8b, these spectra exhibit 
just one 4f7/2 peak corresponding to fully reduced Pt. These 
results indicate that complete galvanic exchange has occurred 
with the Cu DENs and that little or no unreduced Pt salt or 
complex is present in the sample.  
 
XANES analysis  
XANES linear combination analysis (LCA) was used to 
further quantify the extent of Pt reduction and to verify the 
XPS results. Figure 3.10a shows that the white line intensity 
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of the G6-OH(Pt55) DENs prepared by direct BH4
- reduction is 
between that of the corresponding G6-OH(Pt2+)55 precursor and 
G6-OH(Pt55) DENs synthesized by galvanic exchange. The 
spectrum of G6-OH(Pt55) prepared by direct reduction and the 
fit obtained from a linear combination of the G6-OH(Pt2+)55 
precursor and G6-OH(Pt55) prepared by galvanic exchange are 
shown in Figure 3.10b. The overlap is nearly exact, and it 
indicates a percentage reduction of the precursor of 59%, 
which compares favorably with the value of 54% determined by 




XANES data (left) and LCA fits (right) for: (a,b) G6-
OH(Pt55), (c,d) G6-OH(Pt140), and (e,f) G6-OH(Pt225). For the 
right panel, the data corresponding to the DENs synthesized 
by BH4
- reduction are shown in black and the LCA best fit is 
in red. 
 
XANES spectra for the n = 140 and 225 DENs and DEN 
precursors are shown in Figure 3.10c and Figure 3.10e, 
respectively. The corresponding LCA fitting for the G6-
OH(Pt140) and G6-OH(Pt225) DENs (direct BH4
- reduction) in Figure 
3.10d and Figure 3.10f, respectively, provide good matches. 
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The resulting percentage reductions of the precursors are 
within 7% of those determined by XPS (Table 3.1).  
 
EXAFS analysis  
EXAFS spectra were acquired to obtain the coordination 
number for the fully reduced G6-OH(Ptn) DENs synthesized by 
galvanic exchange. Figure 3.11 shows the R-space data and 
corresponding fits. The fits yield coordination numbers of 
8.9 ± 1.2 for G6-OH(Pt140) and 9.2 ± 1.2 for G6-OH(Pt225). These 
values can be compared to those calculated for 140-atom and 
225-atom truncated octahedra of 9.09 and 9.49, respectively.95 
These values are substantially higher than those reported 
previously for Pt DENs reduced with BH4
-: 3.99 ± 0.61 for G6-
OH(Pt147) and 6.09 ± 0.42 for G6-OH(Pt240).
27 The latter very 
low coordination numbers indicate the presence of a 
substantial number of unreduced Pt species, which is 
consistent with the previously discussed XANES and XPS 
results. An important outcome of the EXAFS analysis is that 
in the future it will be possible to use in situ 
electrochemical EXAFS to study electrocatalysis at fully 




EXAFS data (black) and R-space fits (red) (k-weight of 2) 
for Pt DENs prepared by galvanic exchange. 
 
SUMMARY AND CONCLUSIONS 
A general scheme for synthesizing fully reduced Pt DENs 
has been described. The synthesis is carried out by first 
preparing Cu DENs of the desired size, and then using the 
process of galvanic exchange to convert these into Pt DENs 
containing the same number of atoms. We also re-examined the 
originally reported method for preparing Pt DENs by direct 
reduction using BH4
-,27 and confirmed that this approach leads 
to a bimodal distribution of fully reduced DENs and fully 
unreduced precursors.  
The present research focus of our group is reconciling 
the experimentally measured and theoretically calculated 
electrocatalytic properties of DENs. Due to their high 
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activity for many catalytic reactions, Pt DENs are among the 
most important materials for developing this type of 
structure-activity relationship. The types of future studies 
we envision require, to the maximum extent possible, 
homogeneity in catalyst size and structure, and the results 
reported here move us a step closer to this goal. 
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Chapter 4: A Theoretical and Experimental In situ 
Electrochemical Infrared Spectroscopy Study of 
Adsorbed CO on Pt Dendrimer-Encapsulated 
Nanoparticles  
INTRODUCTION  
We are interested in developing a better understanding 
of how small changes in the structure of nanoparticles in the 
1-2 nm size range affect the electrocatalytic properties of 
important reactions like oxygen reduction and CO oxidation. 
We approach this problem by directly comparing theory and 
experiments.96 This is important because previous results from 
our group and others have shown that nanoparticle structures 
in this size range are dynamic. For example, core@shell 
nanoparticles are able to invert,37,80 ligands can drive shape 
changes,79 and interactions with a substrate can result in 
major electronic and shape changes.76,97,98  
One effective method for gaining insight into 
nanoparticle surface structure is to measure changes in the 
vibrational frequency of adsorbed CO (COads) using infrared 
(IR) spectroscopy.99,100 Spectroscopic results from single-
crystal surface models are relevant for understanding the 
structure of Pt nanoparticles (PtNPs) having size >4 nm, but 
for smaller nanoparticles the connection to bulk surfaces is 
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more tenuous.99 This is because with smaller nanoparticles the 
dominance of discrete facets is reduced, while the 
contribution of edge and corner sites increases. These latter 
sites can be identified because they bind CO more strongly, 
thereby decreasing its stretching frequencies.99,101 
It has previously been shown that the COads frequency 
decreases as the size of PtNPs supported on carbon (C/PtNP) 
decreases.99,102,103 For example, frequency shifts on the order 
of 20 cm-1 have been reported as nanoparticle size decreases 
from ~4 nm to ~2 nm.99 However, these studies were carried out 
with commercial C/PtNP catalysts, which exhibit wide 
variations in the size and shape of the PtNPs and also effects 
exerted by the support.103,104 This in turn makes it difficult 
to precisely correlate IR spectra to particular nanoparticle 
structures.  
We sought to better understand the interaction between 
CO and PtNPs by developing a more refined model system that 
could be directly compared to first principles theory. The 
model we chose are dendrimer-encapsulated nanoparticles 
(DENs), which are well-defined materials in the size range of 
1-2 nm.22,96 DENs are synthesized by first complexing metal 
ions to the interior of the dendrimer, and then adding a 
reducing agent. This results in nearly monodisperse 
nanoparticles that are sterically trapped within the 
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dendrimer interior. The size of DENs can be tuned by changing 
the ratio of metal ions:dendrimer. Another advantage of DENs 
is that the dendrimer protects the nanoparticles from 
agglomeration, but it only weakly interacts with the 
surface.105 Additionally, the presence of the dendrimer 
prevents direct contact between the catalyst and the electrode 
surface, thereby eliminating contributions to the shape or 
electronic properties of the nanoparticle arising from 
support interactions. Note, however, that the slight 
separation between DENs and the electrode surface does not 
adversely impact electrocatalytic rate measurements.106,107 
Finally, DENs can be attached to electrodes without using 
Vulcan carbon or Nafion, both of which are in common use and 
can influence the structural, spectroscopic, and 
electrochemical properties of nanoparticles.108-110 For all 
these reasons, DENs simplify direct comparison of theory and 
experiment.  
In addition to its use as a reporter of nanoparticle 
structure,99,111 the binding energy of COads is of interest as a 
descriptor for different catalytic reactions such as CO 
electrooxidation, formic acid oxidation, and methanol 
oxidation.58,112-115 In the size range of DENs, the corresponding 
structure can be modeled using density functional theory (DFT) 
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to make predictions about structure and the binding energies 
of adsorbates.96  
In the present study, we report in situ electrochemical 
IR spectroscopy and cyclic voltammetry (CV) measurements of 
COads on Pt DENs containing an average of 147 atoms (Pt147),
22 
and then compare these experimental results to DFT 
calculations. The key observation is that the frequency of 
the COads stretching mode is shifted by ~8 cm
-1 to lower values 
on Pt147 DENs as compared to a bulk Pt(111) single crystal. 
The corresponding DFT calculations are consistent with this 
finding. Importantly, the magnitude of this shift is 
significantly smaller than that previously reported for 
commercial supported C/PtNPs. We believe the difference 
between the results obtained using the DENs model and these 
earlier studies is due to the absence of support effects, a 
narrower particle-size distribution, and the absence of 




Sixth-generation, hydroxyl-terminated (G6-OH) 
poly(amidoamine) (PAMAM) dendrimers in methanol were 
purchased from Dendritech (Midland, MI). The dendrimer 
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solvent was removed under vacuum, and then the dendrimers 
were reconstituted in water at a concentration of 100.0 µM. 
NaBH4 and K2PtCl4 were purchased from Sigma-Aldrich, and CuSO4, 
NaOH and high-purity HClO4 from Fisher Scientific. All 
solutions were made using deionized (DI) water having a 
resistivity of 18.2 MΩ•cm (Milli-Q gradient system, 
Millipore). 
 
Synthesis and characterization of Pt DENs synthesized by 
galvanic exchange 
The synthesis of Pt DENs by galvanic exchange has been 
previously reported.70,92 Briefly,116 a 10.0 µM solution of G6-
OH PAMAM dendrimer was prepared by dilution of a 100.0 µM 
stock solution. Next, 55 equiv. of CuSO4 were added from a 
0.10 M stock solution. The pH was adjusted to ~7.5 using 0.30 
M NaOH, and then the solution was purged with N2 and stirred 
for at least 5 min to allow for complexation between Cu2+ and 
the dendrimer. The solution was continuously purged with N2 
for the remainder of the synthesis procedure. An equivalent 
amount of NaBH4 as CuSO4 was then added from a freshly prepared 
0.10 M stock solution, and the solution stirred for at least 
5 min.  
Excess unreacted BH4
- was oxidized by adding a four-fold 
excess (relative to the original equiv. of BH4
-) of 0.1 M HClO4 
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and allowing it to react for 5 min (the pH was maintained 
above 5 with NaOH throughout the synthesis). The pH of the 
solution was then raised to ~6.5 so that additional equiv. of 
Cu2+ could be complexed with the dendrimer. This 
complexation/reduction cycle was repeated twice more to 
synthesize Cu147 DENs (first with 55 equiv. then with 37 
equiv.). The pH was lowered to 3.2 and galvanic exchange for 
Pt was carried out by adding 147 equiv. of Pt2+ (from a freshly 
prepared 0.10 M stock solution of PtCl4
2-) to the Cu DENs 
solution so that the Pt2+:Cu ratio was 1. After reacting for 
several minutes the N2 purge was stopped and the pH of the 
resulting Pt DENs solution was raised to ~8.5. An aliquot of 
the DENs solution was diluted to 2.0 µM, and ~3 µL was pipetted 
onto a ultra-thin carbon-over-Cu transmission electron 
microscopy (TEM) grid (Electron Microscopy Sciences, 
Hatfield, PA), and the grid was allowed to dry in air. A JEOL-
2010F TEM operating at 200 kV was used for size analysis of 
the Pt DENs. 
 
Electrochemistry 
CVs were obtained in a 0.10 M HClO4 electrolyte solution 
using a 3 mm glassy carbon (GC) disk electrode, a Au counter 
electrode, and a Hg/Hg2SO4 reference electrode (CH 
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Instruments, Austin, Texas), which was calibrated against an 
eDAQ Hydroflex hydrogen reference electrode. All potentials 
were converted to, and reported relative to, the reversible 
hydrogen electrode (RHE) scale. For electrochemical 
measurements, a CHI 1202B potentiostat (CH Instruments) was 
used. For CVs the electrolyte solution was purged with either 
high-purity Ar or CO. 
 
Electrochemical immobilization of DENs 
The GC disk electrode was polished with alumina, rinsed, 
and then sonicated for ~2 min in DI water. Next, Pt DENs were 
immobilized on the GC disk electrode using a previously 
reported electrochemical procedure.25 The DEN concentration 
used for immobilization was 5.0 µM, and three full potential 
cycles were performed between 0.50 and 1.30 V. After 
immobilization, the electrode was rinsed with DI water, and 
then the DEN surfaces were cleaned by cycling the potential 
20 times between 0 and 1.3 V in 0.10 M HClO4. 
 
In situ IR spectroscopy 
For IR measurements, a ~1 cm x 1 cm GC chip electrode 
was used. A Cu wire was attached to the backside with 
conductive Ag paint, and then the entire back and edges of 
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the GC chip were covered with epoxy (to prevent Ag or Cu 
contamination). The Cu wire was threaded through a glass rod 
to provide stability in the electrochemical cell. 
Electrochemical immobilization of DENs and subsequent 
cleaning cycles were carried out for the GC chip electrode as 
previously described for the GC disk electrode. The Teflon 
spectroelectrochemical cell117 was filled with CO-saturated 
0.10 M HClO4 and outfitted with a Pt counter electrode and a 
saturated calomel electrode. The GC chip working electrode 
was positioned and secured firmly against the top of a 
hemispherical ZnSe attenuated total reflectance (ATR) crystal 
(at the bottom of the cell). A potential of 0.05 V was applied, 
the spectroelectrochemical cell lid closed, and the entire 
compartment housing the spectroelectrochemical cell and 
detector was closed and purged with dry compressed air for ~1 
h.  
IR spectra were obtained using a Nicolet 6700 FTIR having 
an MCT-A liquid nitrogen-cooled detector. A spectrum of COads 
was obtained at 0.05 V immediately after purging the system 
with dry air. Next the potential was stepped to 0.96 V to 
oxidize and desorb COads, and then a reference spectrum was 
obtained. Both spectra were acquired at 8 cm-1 resolution and 
1024 scans were co-added. The two single-beam reflectivities 
were subtracted and normalized to isolate the signal due to 
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the COads using the following equation: -ΔR/R = -(R - Rref)/Rref). 
Here, R is the reflectivity in the presence of COads, and Rref 
is the reference spectrum collected in the absence of COads. 
The spectrum of COads on Pt147 DENs is plotted as ΔR/R to correct 
for the peak inversion observed with respect to the Pt(111) 
electrode. Peak inversion has been previously reported for 
thin noble metal catalyst layers on GC electrodes.118,119  
In addition to Pt DENs, spectra of COads were also 
obtained from a Pt(111) single crystal. The crystal was 
prepared by heating for 10 min and then allowing it to cool 
in an Ar-purged tube. The electrode was then immediately 
placed into the in situ IR set up, and then the same procedure 
used for the Pt147 DENs was followed for IR experiments. 
 
Computational methods 
DFT calculations were performed using the Vienna ab 
initio simulation package.65,66 Core electrons were described 
using the projector-augmented wave method.68,69 Kohn-Sham 
single-electron wave functions were expanded in a plane-wave 
basis with a kinetic energy cutoff of 280 eV to describe the 
valence electrons. The generalized gradient approximation 
(GGA) using the Perdew-Wang 91 functional was chosen to 
evaluate the exchange-correlation energy.67 All atoms in the 
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nanoparticle were allowed to relax; geometries were 
considered optimized when the force on each atom was <0.005 
eV/Å. Convergence was checked by increasing the energy cut-
off to 400 eV, and the CO binding energy on a Pt 147-atom 
nanoparticle was found to change by only 1 meV (<0.1%). 
Theoretical IR spectra were calculated based on the fully 
optimized structures using Porezag’s scheme as implemented in 
the Atomic Simulation Environment (ASE).120 
Pt147 was modeled as a 147-atom face-centered cubic (fcc) 
cuboctahedron nanoparticle in a 3 nm cubic cell, which ensures 
a sufficient vacuum gap between periodic images. The Pt(111) 
surface was modeled as a (4×4) Pt(111) slab with 4 atomic 
layers and 14 Å of vacuum. The Brillouin zone was sampled 
using a 4×4×1 Monkhorst-Pack k-point mesh for Pt(111) and the 
Gamma point for Pt147.
121 
 
RESULTS AND DISCUSSION 
Synthesis and immobilization of Pt147 DENs 
Pt147 DENs were prepared as follows. First, as described 
in detail in the Experimental Section, Cu147 DENs were prepared 
by sequential complexation and reduction steps. Second, the 
Cu147 DENs were reacted with Pt
2+ to yield Pt147 DENs via a 
process known as galvanic exchange.92,122 Figure 1 shows a TEM 
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micrograph of the resulting Pt147 DENs as well as a size-
distribution histogram. The average diameter for Pt147 is 1.7 
± 0.2 nm, which is consistent with previous reports27,84,116 and 
with the calculated diameter of 1.6 nm.84 The close proximity 
of the DENs in Figure 1a suggests some interaction between 
the dendrimers upon drying on the carbon TEM grid, but these 
DENs are stable in solution and exhibit no evidence of 
agglomeration. Note that the diameter of each DEN was measured 
by assuming each to be a separate, spherical nanoparticle.  
The Pt147 DENs were immobilized onto a GC disk electrode 
using a previously reported electrochemical immobilization 
method25 that is briefly summarized in the Experimental 
Section.  Although surrounded by dendrimers and not in direct 
electrical contact with the underlying electrode, the Pt147 
nanoparticles are in electrochemical equilibrium with the 
electrode surface.106,107 The electrochemically active surface 
area of the Pt147 DENs was determined by integrating the 
hydride adsorption region of CVs and found to be 0.058 ± 0.005 
cm2.  This corresponds to a coverage of ~1.7 monolayer of 
close-packed dendrimers, which is consistent with previous 
reports.28,56 This calculation is approximate and relies on the 
diameter of the nanoparticles determined by TEM (1.7 nm) and 





(a) TEM image of Pt147 DENs.(b) Size-distribution histogram 
of Pt147 DENs showing an average diameter of 1.7 ± 0.2 nm. 
 
CO oxidation 
Electrochemical experiments were performed to determine 
the CO stripping peak potential. The electrode was prepared 
as described in the Experimental Section, and then moved to 
a fresh solution of CO-purged 0.10 M HClO4. Next, the 
potential was stepped to 0.05 V, and after 5 min the purge 
gas was changed to Ar for an additional 5 min. This results 
in adsorption of CO onto the Pt surface and removal of bulk 
CO from solution. As shown in Figure 2, the electrode 
potential was then cycled from 0.05 V to 1.30 V and then back 
to 0 V twice. Notice that the current axis in Figure 2 is 
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normalized to the electrochemically active surface area of 
Pt.  
During the first positive-going scan, which begins at 
0.050 V, COads is oxidized to CO2 at 0.92 ± 0.03 V. At higher 
potentials, the Pt147 DEN surface oxidizes, and upon scan 
reversal a PtOx reduction peak is present at ~0.68 V. As the 
potential continues to decrease, the onset of hydride 
adsorption is observed at ~0.30 V on the now naked Pt surface. 
At the beginning of the second cycle, hydride desorption 
features are observed due to the absence of COads but the 
characteristic COads oxidation peak is not observed. The 
remainder of the second scan very nearly overlaps the first 
scan. The key point is that the procedure we developed to 
immobilize Pt147 DENs on the carbon electrode, saturate their 
surfaces with CO, and then remove COads is effective. 
Accordingly, we are prepared to examine the COads vibrational 




CV of Pt147 DENs showing the stripping of a monolayer of COads 
in 0.1 M HClO4. The scan rate was 50 mV/s, beginning at 0.05 
V and in the positive direction. The currents reported are 
normalized to the electrochemically active Pt surface area. 
 
In situ electrochemical IR 
The technique of subtractively normalized interfacial 
Fourier transform infrared spectroscopy (SNIFTIRS) has been 
used extensively to study COads on bulk (usually single 
crystal) metal surfaces,36,123 but there are few reports of 
its use for understanding COads on nanoparticles having sizes 
≤ 2 nm.99,100,102,103,124 Note, however, that in situ IR has been 
used to study COads on DENs in the gas phase.
125  
To ensure that we are able to duplicate literature 
procedures and for comparative purposes, we first obtained a 
spectrum of COads on a Pt(111) single crystal prepared as 
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described in the Experimental Section. The SNIFTERS spectrum 
was obtained as follows.  First, a spectrum was obtained 
with the electrode potential was held at 0.050 V, where we 
would expect it to be covered with COads. A second spectrum 
was then measured after stepping the potential to 0.96 V, 
where COads is oxidized to soluble CO2 and hence removed from 
the electrode surface. These two spectra were processed as 
described in the Experimental Section, and the result is 
shown in Figure 3a. The COads stretching band is very strong, 
narrow, and centered at 2066 cm-1. These features are 




IR spectra of COads on (a) Pt(111) and (b) Pt147 DENs. The 
spectrum of COads was acquired at 0.05 V, and a reference 
spectrum (no COads) was collected at 0.96 V. The electrolyte 
solution was 0.10 M HClO4. A total of 1024 scans were 
collected at 8 cm-1 resolution. 
 
 
Following the same procedure used for the Pt(111) 
single crystal, we next obtained an IR spectrum of COads on 
the Pt147 DEN-modified GC electrode (Figure 3b). The 
resulting peak is broader, less intense, and shifted by 8 
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cm-1 to 2058 cm-1. These features are similar to those 
previously reported for Pt147 DENs in an ethanol solution but 
not under potential control (COads peak centered at 2063 cm
-
1).125  
The direction of the COads peak shift between Pt(111) and 
Pt147 DENs (Figure 3) is in accord with prior literature 
reports of a redshift with decrease in size of nanoparticles 
<4 nm in diameter. However, its magnitude (8 cm-1) is quite 
different. For example, Arenaz et al. observed a value of 
2052 cm-1 for ~2.0-2.5 nm C/PtNPs and 2049 cm-1 for ~1-1.5 nm 
C/PtNPs (shifts of 14 and 17 cm-1, respectively, compared to 
Pt(111)) using the same applied electrode potential and a 
Nafion binding layer.102 Park et al. observed a value of ~2042 
cm-1 (a shift of 24 cm-1 compared to Pt(111)) for 2.0 nm C/PtNPs 
(the size distribution was not specified) using an applied 
potential of 0 V.99 The difference in the magnitude of these 
reported shifts and that represented in Figure 3 is most 
likely a consequence of support interactions present in the 
earlier studies. In contrast, DENs are unsupported 
nanoparticles in the sense that there is no direct contact 
between the DENs and the electrode surface. Previous nuclear 
magnetic resonance (NMR) reports have investigated the effect 
the interaction between the conductive carbon support and 
PtNPs has on the COads frequency.
103,104 A stronger electronic 
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effect was observed on smaller nanoparticles, and suggested 
that shifts in frequency with size are dominated by this 
strong support interaction.103 DENs are not subject to such 
strong interactions, and this could be an explanation for why 
a smaller shift is observed here. 
 
DFT calculations 
DFT was used in order to understand more about the 
observed IR frequency shift between Pt(111) and Pt147. The 
Pt(111) system was first investigated. A monolayer of CO in 
the atop binding configuration was used to generate the IR 
spectrum for Pt(111) in Figure 4 (black trace). The coverage 
of CO on Pt(111), however, has been previously experimentally 
determined to be 0.75.127 Figure 5 shows the dependence of the 
average CO frequency with coverage, and between a full 
monolayer coverage and 0.75 monolayer coverage, a shift of 
~20 cm-1 occurs. As such, the calculated value (2072 cm-1) is 
shifted by this 20 cm-1 to yield a value of 2052 cm-1 for 
Pt(111). Next, the Pt147 model was constructed. A monolayer of 
atop CO was added to the Pt147 structure and the CO stretching 
frequencies computed. Here, a monolayer of CO is consistent 
with the experimental data. The reason that Pt147 can 
accommodate more CO as compared to Pt(111) is that the high 
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fraction of edge and corner sites, set by the high curvature 
of the NP surface, reduces CO-CO repulsion.  
 
Figure 4.4 
Calculated vibrational spectra of COads on Pt(111) and Pt147 
DENs. 
 
Figure 4 (red trace) shows the calculated IR spectrum, 
with two main populations centered at 2051 cm-1 and 2037 cm-1 
with an average value of 2049 cm-1. The peak splitting is due 
to coupling between the CO molecules resulting in in-phase 
and out-of-phase CO stretching modes across the entire NP. 
One important difference to note between experiment and theory 
is that the applied electrochemical potential is not taken 
into account in the DFT calculations, so we are only 
interested in comparing shifts and not absolute frequency 
values. To correlate experiment and theory, we begin by 
looking at the observed experimental shift between the Pt(111) 
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and Pt147 system. Experimentally, this was found to be 8 cm
-1. 
This is close in magnitude to the difference of ~11 cm-1 
observed between the Pt(111) and the Pt147 theoretical spectra. 
The broadening of the experimental Pt147 IR peak as compared 
to the single crystal Pt(111) peak is also seen in the 
theoretical spectra, but with the 8 cm-1 resolution used here 
it is difficult to interpret more from the shape of the 
experimental peaks. From the agreement seen here between 
experiment and theory in the direction and magnitude of the 
shift between Pt DENs and the Pt(111) crystal, our model 
system of the Pt147 DEN is corroborated. As this is a 
complicated electrochemical system involving potential 
control and other factors, it is valuable to know that 
relative shifts observed theoretically for important reactant 






Plot of the calculated trend of frequency of atop COads vs. 
the fractional coverage on a Pt(111) surface. 
 
SUMMARY AND CONCLUSIONS 
We have presented a combined experimental and 
theoretical study of COads on Pt147 DENs. IR spectroscopy 
revealed an 8 cm-1 redshift of the COads stretching frequency 
on Pt147 DENs in relation to a Pt(111) crystal, which is in 
agreement with the calculated shift from the theoretical model 
systems. This shift is significantly smaller than has been 
previously observed in the literature, which we attribute to 
lack of support effects and the narrow size distribution of 
DENs. The agreement found between experiment and theory 
validates the model nanoparticle system used. This will allow 
for the use for CO-binding as a probe for future bimetallic 
structural studies, and as a descriptor of catalytic activity 
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Chapter 5: Conclusions and Outlook  
In this dissertation, the structural and catalytic 
activity of DENs has been investigated with the goal of 
providing an improved model system for strengthening the 
connection between experiment and theory of metallic 
nanoparticles. Unusual structural characteristics were 
observed, in particular in the Pd@Pt core@shell system which 
underwent inversion to form a Pt@Pd structure. This case study 
highlights the importance of fully characterizing the model 
system before drawing conclusions about catalytic activity 
measurements. Incorrect assumptions of nanoparticle structure 
can be detrimental to the validation process of theoretical 
models.  
Another theme presented in this work is that theory can 
be used not only to make predictions of relative activity, 
but also to learn more about the model system. By doing 
segregation energy studies on the Pd@Pt system it was possible 
to gain understanding about the mechanism of inversion. This 
joining of experiment and theory is what makes these model 
systems so powerful. By using model nanoparticles in the size 
range accessible to high-level calculations, both experiment 
and theory gain understanding.  
The Pt DENs system is also presented in this 
dissertation. The synthesis through galvanic exchange for Cu 
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DENs yields fully reduced Pt DEN catalysts. This synthetic 
procedure provides an improved model system that is no longer 
complicated by incomplete reduction of the Pt salt. This 
simplifies the interpretation of characterization results as 
well as the comparison to theory. The system of Pt147 was then 
studied using IR spectroscopy with adsorbed CO as a probe, 
and a corresponding theoretical model investigated. This 
fundamental study can be applied in future studies to more 
complicated reaction mechanisms. The electrooxidation of 
formic acid and methanol are two examples of more complex 
reactions in which the binding of CO plays a role. The in 
situ IR experimental set-up provides a platform for directly 
studying the COads frequency with comparison to theory, which 
can be related to binding energy and used a predictor of 
activity. This can be used not only with the Pt DENs system, 
but also core@shell motifs such as Au@Pt. Au@Pt DENs have 
been previously shown to have enhanced formic acid oxidation 
activity. The expansion of the DENs system to more complicated 
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